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ABSTRACT  
   
A numerical model for design of the geomembrane elements of waste containment 
systems has been validated by laboratory testing. Due to the absence of any instrumented 
case histories of seismic performance of geomembrane liner systems, a large scale 
centrifuge test of a model geomembrane-lined landfill subject to seismic loading was 
conducted at the University of California at Davis Centrifuge Test facility as part of 
National Science Foundation Network for Earthquake the Engineering Simulation 
Research (NEESR) program. Data collected in the large scale centrifuge test included 
waste settlement, liner strains and earthquake accelerations at various locations throughout 
the model. This data on landfill and liner seismic performance has been supplemented with 
additional laboratory and small scale centrifuge tests to determine the parameters required 
for the numerical model, including strength and stiffness of the model materials, interface 
shear strengths, and interface stiffness. The numerical model explicitly assesses the forces 
and strains in the geomembrane elements of a containment system to subject to both static 
and seismic loads the computer code FLACTM, a finite difference program for non-linear 
analysis of continua. The model employs a beam element with zero moment of inertia and 
with interface elements on both sides to model to represent the geomembrane elements in 
the liner system. The model also includes non-linear constitutive models for the stress-
strain behavior of geomembrane beam elements and an elastic-perfectly plastic model for 
the load-displacement behavior of the beam interfaces. Parametric studies are conducted 
with the validated numerical model to develop recommendations for landfill design, 
construction, and construction quality assurance. 
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1 INTRODUCTION 
1.1 Objective 
The objective of this dissertation is to validate a numerical model for performance 
based design of geomembranes subject to extreme loads, e.g., waste settlement and seismic 
loading, using laboratory testing data, including a large scale centrifuge test. The induced 
tensile forces and strains which threaten the integrity of geomembrane barrier layers are 
typically not explicitly evaluated in design. The ability to accurately predict these forces 
and strains would be a significant advance in the design of waste containment barrier 
systems. Parametric studies are conducted using the validated model to identify when waste 
settlement and seismic loading poses a threat to the integrity of geomembrane barrier layers 
in municipal solid waste landfills.  
1.2 Background 
The large waste settlement in a typical landfill liner system and seismic loading 
potentially threaten the integrity of geomembrane barriers for environmental protection. 
Current landfill design practice focuses on avoidance of tension rather than explicitly 
considering the development of tension in the containment system elements. However, 
analysis and field observations indicate that tensile forces induced by seismic loading can 
exceed the tensile strength of the barrier materials (Anderson and Kavazanjian 1995; 
Augello et al. 1995; EMCON Associates 1994). The large settlement of MSW landfill 
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waste can also drag down and induce tensile strains on the geomembrane and geosynthetic 
clay liner elements of a side slope liner system.  Excessive tensile strains can potentially 
cause irreparable damage to the geosynthetic elements of a landfill liner system.  
Furthermore, the damage due to tensile strains induced by settlement or seismic loading 
may be hidden beneath the waste, with no surface expression to alert the engineer, operator, 
owner, or regulator that there is a problem.  
Municipal solid waste (MSW) is subject to significant volume change after 
placement in a landfill due to decomposition and high compressibility. This compression 
produces large settlements during filling operations and after closure (Edil et al. 1990, El 
Fadel et al. 1999, Park et al. 2002). The forces and strains induced on the elements of MSW 
landfill liner systems by large waste settlement under static loading have been shown by 
Dixon and his co-workers (Dixon and Jones 2005, Fowmes at al. 2005) to be of concern 
with respect to the integrity of geosynthetic barrier systems in landfills.    
A MSW landfill will sometimes settle on the order of 20% of the overall waste 
thickness after the end of waste placement. These settlements may induce large shear forces 
in the liner system along the side slopes of the landfill and may also cause potential 
problems with the integrity of the cover system. Large shear forces on the side slopes of 
the landfill may produce tensile strains large enough to damage the geosynthetic 
components of the liner system. Fowmes et al. (2005) analyzed the behavior of a typical 
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quarry landfill liner system in the U.K. using the computer program FLACTM and 
demonstrated that waste settlement can cause excessive tensile strain in the geosynthetic 
elements of the liner on the side slope.  Figure 1-1 shows typical mechanisms for failure of 
side slope liner systems due to the large waste settlement identified by Dixon and Jones 
(2005), including damage to the geosynthetic elements of the liner system.  
 
 
Figure 1-1 Mechanisms of local side slope integrity failure (Dixon and Jones 2005) 
Seismically-induced forces also have the potential for inducing tensile strains that 
can impair the integrity of geomembrane and geosynthetic clay liner barrier layers and 
other geosynthetic elements of the containment system. Tears observed in the 
geomembrane side slope liner at the Chiquita Canyon landfill following the 1994 
Northridge earthquake in southern California (EMCON 1994) graphically illustrate the 
potential for seismically induced damage to a side slope liner system.   
Figure 1-2 shows the tears at the crest of the slope in the Canyon C landfill unit at 
Chiquita Canyon observed following the Northridge earthquake.   
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Arab (2011) extended the FLAC model of Fowmes et al. (2005) to seismic loading 
and used it to evaluate tearing of the geomembrane at the Chiquita Canyon Landfill in the 
1994 Northridge earthquake. Back-analyses of the performance of the liner system at 
Chiquita Canyon during the Northridge earthquake conducted by Arab (2011) using his 
FLAC model demonstrated that the tensile strains in the geomembrane at the crest of the 
slope exceeded allowable values once geomembrane strain concentrations predicted by 
Giroud (2005) were taken into account. Arab (2011) had to apply Giroud (2005) strain 
concentration factors to explain why the tears developed under the relatively low tensile 
strains his model predicted (i.e., 2-3%). These strain concentration factors have not been 
validated, and neither has the numerical model been validated. 
 
 
 
 
 
 
Figure 1-2 Tear in geomembrane liner system, Cell C, Chiquita Canyon Landfill after 1994 
Northridge earthquake (photo courtesy of Calif. EPA, Integrated Waste Management 
Board) 
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Gutierrez (2016) conducted a large scale centrifuge test on a model landfill to 
simulate liner strains due to waste settlement and seismic loading to provide data for 
numerical model validation of the Arab (2011) FLAC model. The centrifuge testing of a 
model geomembrane-lined landfill was conducted using the 2-m by 1-m shaking table on 
the 9.1 m radius, 240 g-ton centrifuge at the University of California at Davis Center for 
Geotechnical Modeling under the U.S. National Science Foundation Network for 
Earthquake Engineering Simulation Research (NEESR) program. Data collected in the 
large scale centrifuge test included waste settlement at 5 locations, liner strains at 8 
locations, and earthquake accelerations at 26 locations throughout the model. 
This dissertation uses the Gutierrez (2016) centrifuge test data, supplemented with 
additional testing necessary to establish properties necessary for the model, and the 
available field data to validate the Arab (2011) numerical model. The validated model is 
used to conduct parametric studies of a landfill liner system subject to large settlement and 
seismic loading to identify conditions under which these phenomena pose a threat to the 
integrity of geomembrane barrier layers in landfills. 
1.3 Organization of this Dissertation 
The body of this dissertation is composed of four chapters, each of which is a 
technical paper on different aspects of the problem.  As each chapter is a discrete technical 
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paper, there is some redundancy in the introductory material of these chapters. The four 
papers that constitute the body of this thesis are:  
 Development of A Numerical Model for Performance-based Design of 
Geosynthetic Liner Systems (co-authors Edward Kavazanjian, Jr. and Mohammed 
Arab) 
 Effect of Waste Settlement on the Integrity of Geomembrane Barrier Systems 
 Validation of a Numerical Model for Design of Geomembranes Subject to Extreme 
Loads 
 Parametric study of Geomembrane Barrier Systems subject to Waste Settlement 
and Seismic Loading 
The dissertation also includes this introductory chapter and a summary and 
conclusions chapter. 
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2 BACKGROUND INFORMATION 
2.1 Introduction 
This chapter will review a rational methodology for performance-based analysis 
and design of the geosynthetic elements of waste containment systems. A two-dimensional 
explicit finite difference model of waste-liner system interaction has been developed using 
the computer program FLACTM to calculate the forces and strains in geosynthetic liner 
system elements subject to static and seismic loads. This model provides a rational 
alternative to current state-of-the-practice design methodologies based upon avoidance of 
tension or an index of seismic performance. Current geosynthetics design practice typically 
does not explicitly consider the development of tension in the containment system 
elements. The large settlement associated with municipal solid waste (MSW) and mine 
tailings can drag down and induce tensile strains on the geosynthetic elements of side slope 
liner system. Seismic loading can also induce tension in the geosynthetic materials used in 
liner systems. Excessive tensile strains can cause irreparable damage to the geosynthetic 
elements of a landfill liner system. Furthermore, damage due to tensile strains induced by 
settlement or seismic loading may be hidden beneath the waste, with no visible expression 
to alert the engineer, operator, owner, or regulator that there is a problem.  
The finite difference model of waste-liner system interaction developed in this 
paper is based upon the methodology of Fowmes et al. (2008) in which a beam element 
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with zero moment of inertia and with interface elements on both sides is used to represent 
a geosynthetic element in a liner system. The geosynthetic beam element models described 
in this paper were based upon available information on the stress-strain behavior of high 
density polyethylene (HDPE) geomembranes and the internal shear behavior of 
geosynthetic clay liners (GCLs).  An elasto-plastic interface model was calibrated using 
available experimental data from shaking table tests of rigid and compliant blocks sliding 
on geomembranes.  Both the interface model and the GCL model account for post-peak 
degradation of shear strength and hysteretic behavior based upon large scale cyclic direct 
shear testing.  The finite difference model not only provides a basis for performance based 
design of the geosynthetic elements of waste containment systems but can also be used in 
a variety of other situations in which geosynthetic materials are subject to large external 
forces. 
2.2 Liner System Design for Tensile Loads 
Prediction of tensile strains (or forces) induced by construction and service loads 
is a primary concern with respect to the integrity of geosynthetic barrier systems in landfills 
and other waste containment systems as geosynthetic liner system elements generally are 
not intended to carry sustained tensile loads. Even if they are designed to carry some 
tension, excessive tensile strain can eventually lead to tearing of a geosynthetic element of 
a liner system. Downdrag due to soil and waste placement against side slope liners and due 
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to waste settlement and seismic loading are among the most common sources of tensile 
strains in liner system elements. 
Yazdani et al. (1995) presented three years of in situ measurements from strain 
gauges installed on a 1.5 mm (60 mil) HDPE geomembrane liner placed on a 3H:1V 
(horizontal:vertical) side slope at the Yolo County municipal solid waste landfill in 
Northern California. The liner system consisted of 0.6 m of 1x10-7 cm/s compacted clay 
overlain sequentially by a 60 mil (1.5 mm) HDPE geomembrane, a geonet, a non-woven 
geotextile, and a 0.3 m “operations layer” of soil. Strain gauges were installed on the 
geomembrane at the top middle and bottom of the slope at 7 stations along the perimeter 
of the waste cell. Figure 2-1 presents the strains recorded at Station C over a 30-month 
period, showing the progressive development of tensile strains at the top of the slope due 
to waste placement and settlement. 
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Figure 2-1 Strains in the Side-Slope Liner at Station C of the Yolo County Landfill due to 
Waste Placement and Settlement (after Yazdani, et al., 1995) 
2.3 State of Practice 
Current practice for design of landfill liner systems to withstand downdrag loads 
imposed by soil and waste placement settlement is based upon avoidance.  With regard to 
soil and waste placement against side slope liners, the standard of practice is to provide a 
limit equilibrium factor of safety of at least 1.0 at all times without reliance upon the tensile 
strength of the liner system.  However, limited tension is sometimes allowed as long as the 
tensile load is a transient load due to an interim configuration.  Giroud and Beech (1989) 
provide a methodology for calculation of both the static factor of safety and the induced 
tension is a side slope liner due to placement of a soil or waste veneer against the slope.  
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The typical manner in which downdrag induced by waste settlement is accommodated in 
current design practice is through use of a “slip layer” that allows relative movement 
between the waste and barrier layers in the side slope liner (Thiel et al., 1995).  Figure 2-2 
illustrates the slip layer design concept. 
 
Figure 2-2 “Slip layer” design concept to mitigate tension due to downdrag on sideslope 
liners (Thiel et al., 2015) 
The state of practice for seismic design of geosynthetics-lined waste containment 
facilities still generally follows the methodology reported on by Seed and Bonaparte 
  12 
(1992).  The ability of the geosynthetic elements of a liner system to resist earthquake 
strong ground motions is based upon the displacement calculated in a decoupled Newmark-
type analysis (Newmark, 1965).  This methodology is referred to a decoupled method 
because seismic response of the waste mass is calculated without consideration of the 
influence of the relative displacement (slip) at liner system interfaces on the response.  This 
response is then used to calculate the relative displacement (slip) at the liner interface 
(hence the calculation of seismic response is decoupled from the calculation of relative 
displacement). The calculated relative displacement provides an index of seismic 
performance of the liner system (rather than the actual expected seismic displacement), 
with calculated values of less than 150 mm generally accepted as being indicative of 
satisfactory performance, i.e., of the liner system maintaining its integrity in the 
earthquake.   
The loads on the liner system elements, e.g. tensile strains and axial forces, are 
never explicitly evaluated in either the state of practice for downdrag design or the state of 
practice for seismic design described above.  
2.4 Finite Difference Analysis of Liner System Strains 
Fowmes et al. (2006) and Fowmes (2007) employed FLACTM, a two-dimensional 
finite difference program, to predict liner strains due to waste settlement. The geosynthetic 
elements of the liner system were modeled using linear elastic beam elements and elastic-
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perfectly plastic interface elements.  The interface elements have zero moment of inertia 
and zero thickness and join together either two geosynthetic beams or a geosynthetic beam 
and an earthen material. In FLACTM, the relative displacement across an interface is 
accommodated in a Lagrangian manner by movement of the modeling grid, with the points 
of reference for calculation updated after each displacement increment to account for large 
movements. 
Fowmes et al. (2006) analyzed the in-plane forces and strains that developed in a 
landfill side slope liner system due to waste settlement using a user-defined code that 
allowed for a displacement dependent interface shear resistance to account for softening at 
the interfaces. Fowmes et al. (2006) also developed a user defined code to vary the elastic 
modulus of the beam elements as a function of the axial strain in the beam element.  
Dixon and Fowmes (2008) employed the FLACTM model described above to 
model laboratory interface shear tests on a multi-layer geosynthetic liner system 
sandwiched between a synthetic waste material and a natural soil subgrade material. 
Multiple beam elements (one for each geosynthetic material) were employed to model the 
multiple layers of geosynthetic materials. The beam elements interacted with each other 
and with the overlying synthetic waste and underlying soil through interface elements. A 
linear elastic tensile stiffness was assigned to geomembrane beam elements based upon 
manufacturer-cited values for high density polyethylene (HDPE), the most common 
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material used for waste containment geomembrane liner elements.  The compressive 
stiffness of the geomembrane was assumed equal to zero in the analyses conducted by these 
investigators. 
Good agreement between measurements made in the laboratory direct shear tests 
and the results of the numerical analyses using FLACTM was obtained by Fowmes and 
Dixon (2007) in most cases.  However, in some cases discrepancies were observed. Dixon 
and Fowmes (2007) attributed these discrepancies to simplifications in modeling 
geosynthetic axial stress-strain response (in both tension and compression) and with the 
constitutive model used to represent the synthetic waste (which was crumb rubber). 
However, they concluded that the FLACTM model they developed was an appropriate way 
to model the performance of geosynthetic liner systems subject to waste settlement.  
2.5 Numerical Model for Cyclic Loading 
Arab and Kavazanjian (2010) and Arab et al. (2010) describe extension of the 
FLACTM elastic-perfectly plastic interface model employed by Fowmes et al. (2006) and 
Fowmes (2007) to include cyclic loading.  A model of a rigid block on a plane with a 
frictional interface was developed using the large strain formulation coded in FLACTM. 
The frictional interface was modeled using a simple hysteretic linear elastic-perfectly 
plastic stress-displacement relationship and the Mohr-Coulomb failure criterion.  The 
numerical model was validated using a series of shaking table tests of a sliding block on a 
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horizontal plane conducted by Kavazanjian et al. (1991) to demonstrate the ability of a 
layered geosynthetic system to provide frictional base isolation. In these tests, a rigid block 
with one geosynthetic material glued to its bottom side was placed on a shaking table that 
had a second geosynthetic material secured to it.  Four different combinations of geotextile 
and geomembrane materials were subject to series of uniform sinusoidal motions of 
varying amplitude.  Three of the geosynthetics combinations were also subjected to a non-
uniform earthquake-like motion based upon the S90W component of the 1940 El Centro 
acceleration.  The acceleration of the block and the displacement of the block relative to 
the shaking table were monitored during these tests. To model the Kavazanjian et al. (1991) 
shaking table tests in the macro-element mesh illustrated in Figure 2-3a was used. The 
upper layer represents the rigid block and the lower layer represents the shaking table. 
Values of bulk and shear modulus representative of structural steel were used to model 
both the rigid block and shaking table. The interface was assigned an elastic shear and 
normal stiffness approximately equal to ten times the bulk modulus of the mesh elements 
and a shear strength based upon tilt-table testing. 
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a) Block on a horizontal plane b) Block on an inclined plane 
Figure 2-3 Finite Difference Models of a Block on a Sliding Plane 
Arab and Kavazanjian (2010) and Arab et al. (2010) demonstrated the ability of 
this type of model to describe the influence of relative displacement across the interface 
subject on the response of the block to cyclic loading by comparison of numerical analysis 
to the results of shaking table model tests of a geomembrane-lined sliding block on a 
geomembrane-lined plane. Figure 2-4a illustrates the hysteretic elasto-plastic interface 
stress-displacement model used to model interface behavior.  Figure 2-4b compares the 
results of numerical analysis to the experimental data for uniform sinusoidal loading of a 
geosynthetics-isolated block on a horizontal plane from Kavazanjian et al. (1991).  Arab 
and Kavazanjian (2010) also show a favorable comparison between numerical analysis and 
the experimental results from Yegian and Kadakal (2004) for a geomembrane lined block 
on a horizontal plane subject to earthquake loading. 
 
Rigid Block 
Interface 
Elements 
Base 
X 
Y Normal 
stress (σn) 
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a) Interface model b) Comparison of numerical analysis with test results 
Figure 2-4 Measured and Calculated Accelerations of a Geomembrane Lined Black Subject 
to Uniform Sinusoidal Loading (Arab and Kavazanjian, 2010) 
Arab and Kavazanjian (2010) and Arab et al. (2010) also analyzed the behavior of 
a block on an inclined plane subject to cyclic loading.  Figure 2-3b illustrates the FLACTM 
numerical model employed by Arab and Kavazanjian (2010) for this purpose. Arab et al. 
(2010) compared numerical analyses for a block on an inclined plane model to shaking 
table test results from Elgamal et al. (1990), from Wartman (1999), and Wartman et al. 
(2003). In the Elgamal et al. (1990) shaking table tests, the plane was coated with 
sandpaper, sand was glued to the base of the rigid block and the plane was inclined  at an 
angle of 10o and subject to horizontal sinusoidal loading.  Comparison between the block 
acceleration from the numerical analysis and the block acceleration measured in the 
Elgamal et al. (1990) tests for sinusoidal loading using a friction angle based upon the static 
friction coefficient of 0.36 reported by Elgamal et al. (1990) is presented in Figure 2-5.  
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Figure 2-5 Comparison of Numerical Analyses to the Experimental Results of Elgamal (et 
al. (1990) for a Block on an Inclined Plane (Arab et al. 2010) 
Yegian et al. (1998) and Yegian and Kadakal (2004) conducted shaking table tests 
of a geosynthetics-isolated rigid block on a horizontal plane with a smooth 
HDPE/nonwoven geotextile interface and a nonwoven geotextile-medium density 
polyethylene interface (denoted Geotextile/UHMWPE), respectively, using earthquake 
motions as input. Yegian et al. (1998) used the Los Angeles University Hospital Grounds 
record from the 1994 M.6.7 Northridge earthquake scaled to 0.9g.  Yegian and Kadakal 
(2004) used the Corralitos, Capitola, and Santa Cruz records from 1989 M 7.1 Loma Prieta 
earthquake scaled to peak accelerations of 0.1 g to 0.4 g.  Because the earthquake motion 
were asymmetric, both the shaking table tests and the numerical analyses yield a residual 
permanent displacement. Figure 8 presents a comparison between the residual permanent 
displacement from the shaking table tests as reported by Yegian et al. (1998) and Yegian 
and Kadakal (2004) and the permanent dis-placement calculated using the numerical 
model. 
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The comparison of residual permanent displacement from the experimental results 
and the non-linear analysis presented in Figure 2-6 shows generally good agreement. The 
primary discrepancy is for the Corralitos record from the Loma Prieta event.  The 
calculated permanent displacement for the Corralitos record is less than the displacement 
measured experimentally in the 0.1 g to 0.25 g range, although both calculated and 
experimental results show a similar trend of an increasing displacement with increasing of 
the base peak acceleration in this range.  One interesting aspect of the results is that in some 
cases the permanent displacement decreases as base acceleration increases for both the 
experimental data and the numerical results at an acceleration greater than 0.25 g. 
 
Figure 2-6 Residual permanent displacement from experimental results and equivalent 
linear and non-linear analysis 
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Wartman (1999) and Wartman et al. (2003) reported the results of shaking table 
tests of a rigid block on a plane inclined at 11.37o and subject to horizontal shaking. The 
interface between the block and the plane was a smooth high-density polyethylene 
(HDPE)/non-woven geotextile interface similar to one that might be found in a side-slope 
liner system for a landfill. Wartman (1999) and Wartman et al. (2003) used a suite of 22 
uniform sinusoidal motions, three sinusoidal frequency sweep motions, and one 
earthquake-like input motion.  For each test, Wartman et al. (2003) varied the interface 
friction angle in a Newmark-type displacement analysis until a calculated cumulative 
relative displacement approximately equal to the one observed in the shaking table test was 
achieved. Figure 2-7 illustrates the test setup employed by these investigators.  
Accelerometers were fitted to both the sliding block and the inclined plane. Displacement 
transducers were employed to measure the absolute displacement of the sliding block and 
absolute displacement of the shaking table. Results of this analysis indicated that the 
interface friction angle depended upon the frequency of the input motion. This frequency 
dependence was interpreted by Wartman et al. (2003) as a dependence of interface friction 
angle on sliding velocity.   
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Figure 2-7 Schematic representation of the shaking table setup and the instrumentation 
used by Wartman (1999) and (Wartman et al. (2003) (after Wartman,1999)  
Figure 2-8 compares results from numerical analysis by Arab (2011) for the 
average sliding velocity versus friction angle to values back calculated by Wartman et al. 
(2003) from the experimental data for the 22 uniform cycle tests.  Figure 10 shows a 
systematic difference in the friction angle calculated by Wartman, et al. (2003) from the 
experimental data and the best-fit value from the numerical analyses conducted by Arab et 
al. (2010), with the Arab et al. (2010) values approximately 1 to 1.5 degree lower than the 
Wartman, et al. (2003) values.  
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Figure 2-8 Comparison of Back-Calculated Friction Angles for a Sliding Block on a Plane 
from Wartman et al. (2003) and the Numerical Model (Arab et al., 2010) 
The discrepancy shown in Figure 2-8 between the numerical analysis results and 
the friction angle reported by Wartman et al. (2003) may be attributed to the use by 
Wartman et al. (2003) of the acceleration parallel to the plane rather than the acceleration 
in the horizontal direction to predict the friction angle between the block and the plane.  
Yan et al. (1996) present the following relationship between the horizontal acceleration at 
yield in the downslope direction of a rigid block on a plane to the acceleration parallel to 
the plane:   
                        
   -tan gX y                                                            (1) 
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where yX
 is the horizontal acceleration at yield,   is the friction angle between the 
block and the plane, and   is the angle of the plane. The horizontal acceleration at yield 
is related to the acceleration of the block parallel to the plane at yield, yX
 , by Eq.2: 
                                                    yX '
  = yX cos                                         (2) 
Therefore, using the horizontal acceleration of a yielding block to predict the 
interface friction angle results in over-prediction of the block friction angle by a factor 
equal to 1/[costan ()]. Figure 2-9 presents a comparison of the relative displacement 
time history of a rigid block on an inclined plane subject to the Kobe earthquake 
acceleration as measured in the shaking table test reported by Wartman (1999) and as 
calculated by Arab et al. (2010) using a best-fit interface friction angle. The relative 
displacement time history from the numerical analysis closely matches the relative 
displacement time history observed in the shaking table test, including episodes of upslope 
relative displacement at around 5 seconds.  
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Figure 2-9 Comparison of Results from the Numerical Analysis to Experimental Results for 
the Kobe Earthquake Motion from Wartman (1993) (Arab et al., 2010) 
The results shown in Figure 2-4, 2-5, 2-6, 2-8, and 2-9 indicate that the simple 
hysteretic elasto-plastic interface model can accurately predict the impact of slip at the 
interface on the acceleration response and cumulative deformation of a sliding mass above 
the interface provided the interface strength is accurately characterized. 
2.6 Enhanced Constitutive Models 
To facilitate accurate prediction of the axial strains and forces in geosynthetic liner 
system elements as well as the impact of these elements on seismic response, a series of 
enhanced constitutive models were developed for liner system elements and interfaces in 
FLACTM.  These advanced models included a non-linear elastic stress-strain model for the 
geomembrane beam element and models for interface behavior and for the internal in-plane 
shear behavior of a hydrated geosynthetic clay liner (GCL). The interface and GCL internal 
shear behavior models both account for potential post-peak degradation of shear strength.  
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The non-linear elastic constitutive model for the stress-strain behavior of 
geomembranes was developed based upon the model presented in Giroud (2005).  Giroud 
(2005) showed that an N-order parabola, with N = 4, provided a good approximation of a 
unique normalized stress–strain curve for HDPE geomembranes up to the peak yield stress, 
y. Using this model, the equation for the tangent moduli, Etan, of the geomembrane for 
any strain, , below the yield strain, y is given by Giroud (2005) as: 
                                                                                                                (3) 
Figure 2-10 compares the curve described by Eq. 3 to the normalized stress-strain 
curve for HDPE geomembranes developed by Giroud (1994) from analysis of over 500 
uniaxial tension tests on HDPE. 
 
Figure 2-10 Normalized uniaxial stress– strain curve for HDPE geomembrane (Giroud 
2005) 
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Using Eq. 1, only the stress and strain at yield, yand y, need be known to develop 
the uniaxial stress–strain curve of a HDPE geomembrane up to yield.  However, Eq. 3 is 
based upon uniaxial tests. In the field, geomembranes are generally subjected to biaxial or 
triaxial stress states. Giroud (2005) conducted an analysis based on energy conservation 
that led to the following relationships between the uniaxial yield strain, ɛy, and the plane 
strain yield strain, ɛyps, in a geomembrane as a function of the Poisson’s ratio, ν, as follows: 
                                                                                   (4) 
Equations 3 and 4 for the tangent moduli of an HDPE geomembrane subject to 
plane strain loading were coded into a FLACTM subroutine to describe the non-linear elastic 
stress-strain behavior of a geomembrane beam element subject to tensile loading.  For 
compressive loading, the beam element was assumed to behave in an elastic manner with 
modulus equal to the initial tangent plane strain modulus of the HPDE geomembrane in 
tension.  As recommended by Fowmes et al. (2006) and Fowmes (2007), geomembrane 
beam elements are always assigned a zero moment of inertia to account for the potential 
for buckling. 
In addition to the non-linear elastic stress-strain model for geomembranes, a 
displacement-softening model for geosynthetic interfaces was developed.  The model 
assumes that a unique relationship exists between the interface friction angle and 
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cumulative relative shear displacement, as suggested by Esterhuizen et al. (2001) for static 
deformations. This assumption is consistent with the data in Figure 2-11 from tests 
conducted by Ross et al. (2011) for uniform cyclic loading of a textured geomembrane/ 
nonwoven geotextile interface.   
 
Figure 2-11 Mobilized shear strength vs. Cumulative Relative Shear Displacement for 
Uniform Cyclic Shear Tests at 692 kPa Normal Stress (Ross et al., 2011) 
The generalized shear strength-displacement relationship for the mobilized 
interface friction angle, , assumed in the displacement softening interface model is 
illustrated in Figure 2-12a.  Under cyclic shear loading, the model initially behaves 
elastically until the cumulative displacement exceeds ep, the displacement at the peak 
friction angle, at which point plastic shear displacements will start to accumulate. Once 
plastic shear displacements begin to accumulate, the mobilized friction angle (or shear 
strength) will degrade following the curve in Figure 2-12a until unloading begins. Plastic 
shear displacements begin to accumulate in the reverse direction when the shear stress 
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exceeds the mobilized shear strength from any prior loading cycle. The hysteretic cyclic 
shear stress-displacement behavior that develops based these assumptions is illustrated in 
Figure 2-12b. Key parameters in this relationship include for the initial elastic stiffness, Ei, 
plastic cumulative relative shear displacement (p), the peak friction angle (p), the large 
displacement friction angle (r), the cumulative displacement at the peak friction angle 
(ep) and cumulative displacement at the large displacement friction angle (pr).   
 
 
 
 
a) Mobilized shear strength relationship
  
b) Hysteretic stress-displacement 
relationship 
Figure 2-12 Displacement Softening Model for Geosynthetic Interfaces 
Figure 2-13 compares the hysteresis loops generated by this hysteretic interface 
stress-strain model to the results of a uniform cyclic direct shear test on a textured 
geomembrane / nonwoven geotextile interface reported by Ross et al. (2011).  In Figure 
15a, the hysteretic cyclic shear behavior calculated using the model is compared to the 
results of a displacement controlled uniform cyclic direct shear test with an amplitude of 
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60 mm at a normal stress of 2071 kPa. The general trend of the cyclic shear stress time 
history is captured well by the numerical model results presented in Figure 2-13a.  Figure 
2-13b shows the excellent agreement between the model prediction and the observed shear 
stress time history for this displacement-controlled test.  
 
Figure 2-13 Comparison of Numerical Results to Uniform Cyclic Direct Shear Tests by Ross 
et al. (2011) for ± 60 mm Displacement Amplitude and 2071 kPa Normal Stress for a 
Textured Geomembrane Non-woven Geotextile Interface 
A constitutive model was also developed for the internal in-plane stress-strain 
behavior of a hydrated GCL subject to cyclic loading.   To capture the unusual shape of the 
back bone curve and the pre-peak hysteresis loops and the post-peak softening observed in 
uniform cyclic direct shear testing of a hydrated needlepunched GCL with two non-woven 
carrier geotextiles reported by Nye (2006) and Sura (2009), the multiple yield surface 
kinematic hardening isotropic softening plasticity model developed by Salah-Mars and 
Kavazanjian (1992) was employed.   Multiple yield surface (MYS) kinematic hardening 
        a) Cyclic stress-displacement behavior           b) Shear stress time history 
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plasticity was first developed by Iwan (1967) and Mroz (1967). MYS constitutive models 
use nested circular yield surfaces combined with a non-linear backbone curve to produce 
hysteresis loops that obey the Masing (1965) criterion for cyclic loading.  Prevost (1978, 
1985) popularized this type of model for use in soil mechanics. Figure 2-14 illustrates 
conceptually the MYS model with nested circular yield surfaces developed by Prevost 
(1978) for soils.   
 
 
Figure 2-14 Nested Circular Yield Surfaces (after Prevost, 1978) 
 
Salah-Mars and Kavazanjian (1992) extended MYS plasticity theory to include 
post-peak softening behavior by adding an outermost isotropic softening yield surface 
(labelled fp in Figure 16), and an inner final perfectly plastic yield surface (labelled fm in 
Figure 16).  The Salah-Mars and Kavazanjian (1992) constitutive model has two main 
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characteristics that make it suitable to reproduce the GCL hysteresis loops observed in the 
laboratory testing program. First, because the model belongs to the MYS family, it can 
employ a piecewise linear model to approximate a backbone curve of any arbitrary shape. 
Second, the model has the capability to exhibit softening after the material reaches its peak 
strength.  
The Drucker-Prager yield function was employed by Salah-Mars and Kavazanjian 
(1992) in their MYS model.  This yield function can be represented by a straight line in 
principal stress space and the outermost surface can be established using the Mohr-
Coulomb peak shear strength parameters.   The final inner yield surface, representing the 
large displacement strength of the material, is established using the large displacement 
Mohr-Coulomb shear strength parameters.  The associative flow rule is employed with this 
MYS formulation. Thus the plastic potential surfaces coincide with the yield surfaces. The 
MYS model behaves in a linear elastic manner until the innermost yield surface is engaged.  
As the material is assumed to be an isotropic material, two parameters are required to 
describe the elastic behavior, e.g. shear modulus, G, and the bulk modulus, B, or Young's 
modulus, E, and Poisson ratio, ν. In the MYS model, soil nonlinearity is represented by a 
nonlinear stress-strain backbone curve modeled by a piecewise linear approximation. The 
end point of each segment of this piecewise linear approximation represents a yield surface, 
fi, which is characterized by an elasto-plastic modulus, Hi, and size, li, where i = 1, 2... nys 
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and nys is the number of yield surfaces employed in the model. The maximum number of 
yield surfaces is only limited by the numerical implementation of the model.  An increase 
of the number of surfaces may lead to more accuracy but will also lead to an increase in 
computing time.  
Figure 2-15a presents the normalized backbone curves developed from the tests 
conducted by Nye (2006) and Sura (2009) that were used to develop the parameters for the 
MYS model.  Figure 2-15b shows the excellent agreement between the observed hysteretic 
behavior of the hydrated GCL tested by Sura (2009) and the behavior predicted by the 
MYS model. 
 
  
a) Hydrated GCL backbone curves b) Hydrated GCL hysteretic stress-strain 
behavior 
Figure 2-15 Comparison of Behavior of Hydrated Needlepunched GCL Tested by Sura 
(2009) to FLAC Model Predictions 
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2.7 Applications of Numerical Model 
 Static Loading 
To demonstrate the ability of the numerical model for geosynthetic liner system 
elements to calculate the axial strains and forces in the geosynthetic elements under static 
loads, Wu (2013) conducted an analysis of the strains induced in a geomembrane liner on 
an 80 m-tall landfill side slope with 40 m-tall, 1H:1V (horizontal: vertical) side slopes 
separated by 4 m-wide benches subject to settlement equal to approximately 20 percent of 
the total waste thickness.  In the analyses, the waste was placed in 6 m-thick lifts, waste 
compressibility was modeled using a Cam-Clay constitutive model and a typical value for 
the coefficient of compressibility, the geomembrane was anchored at crest of each slope 
segment, and the interface friction angle on top of the geomembrane was 4 degrees greater 
than the interface friction angle on the bottom of the geomembrane. The pattern and 
magnitude of tensile strains induced in the geomembrane, with tension at the top of the 
slope, compression at the bottom of the slope, and minimal strain in the mid-section of the 
slope, are consistent with the numerical results of Fowmes et al. (2006) and Fowmes (2007) 
and the field data from Yazdani et al. (1995) shown in Figure 2-16. The greater magnitude 
of tensile strain in the geomembrane from the numerical analysis illustrated in Figure 18 
compared to the field measurements of Yazdani, et al. (1995) shown in Figure 2-16 is 
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attributed to the steeper slope in the numerical analysis compared to the field case history 
(i.e., 1H:1V for the numerical analysis compared to 3H:1V for the field case history).   
 
 
 
 
 
 
 
Figure 2-16 Axial Strains Induced in a Side Slope Geomembrane by Waste Placement and 
Settlement Calculated by the Numerical Model (after Wu, 2013) 
 Numerical Model for Seismic Loading 
To investigate the application of the numerical model for seismic analysis, 
Kavazanjian et al. (2011) analyzed the seismic response of a geomembrane in a heap leach 
pad.  In this analysis, the geomembrane was modeled with a constant elastic modulus.  The 
heap leach pad model, illustrated in Figure 2-17, had a geomembrane-lined base with a 
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slope of 3%.  The heap ore was modeled using material properties representative of coarse 
gravel.  The three cases illustrated in Figure 2-17 were analyzed using the numerical model.  
In Case I, the impact of slip at the liner interface was modeled using a single interface 
between the foundation and the ore pile but with no beam element representing the liner 
itself.  In Case II, the liner was modeled as a beam element with two interfaces (one on 
each side) connecting the beam (liner) to the underlying foundation and the overlying ore 
pile.  In Case III, neither interfaces nor a beam element were employed in order to provide 
a basis for evaluating the impact of the liner system models used in Cases I and II on 
seismic response.  The geomembrane was assigned the elastic modulus at 50% yield stress 
reported by a manufacturer for a typical HDPE geomembrane (based upon unconfined 
wide-width tensile loading) and was assumed to be the same in compression as in tension. 
Results for Cases I and II were essentially identical when the upper interface in Case II had 
the same properties as the interface in Case I and was weaker than the lower interface.  
Results from Cases I and II were then compared to Case III results to establish the impact 
of slip at the liner interface on seismic response and to calculate the forces and strains 
induced by seismic loading in the geomembrane.   
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Figure 2-17 Heap Leach Pad Numerical Model (Kavazanjian et al. 2011) 
Results from the numerical analysis in terms of strains in the geomembrane and 
permanent seismic displacement from Cases I and II were also compared to the results from 
a state-of-the practice analysis of seismic response and geomembrane performance, i.e. to 
the results of a decoupled analysis using one dimensional equivalent linear seismic 
response analysis, Newmark displacement analysis, and the yield acceleration from a limit 
equilibrium analysis. 
Permanent deformations calculated in numerical analysis at four different locations 
(locations labeled A, B, C and D in Figure 2-17) are presented in Table 2-1 along with the 
results of a Newmark displacement analysis and the maximum strain in the geomembrane 
from the numerical analysis for six different earthquake records. The Newmark 
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displacement analyses indicated unacceptable seismic performance in 4 or 5 of the cases 
(depending on whether a limiting displacement is 150 or 300 mm).  The displacements 
calculated by numerical analysis at points A to B also exceeded the allowable displacement 
limit for all records except the Tabas record. 
Table 2-1 Calculated Permanent Deformation and Maximum Tensile Strains in the Heap 
Leach Pad Geomembrane Liner (Kavazanjian et al. 2011) 
Earthquake Record 
 
PGA 
(g) 
 
Permanent Seismic Displacement (mm) Tensile 
Strain 
(%) 
2-D FLACTM analysis Newmark 
analysis 
A B D C 
Coalinga (1983) 0.60 - 1050 1670 160 15 640.0 2.2 
Loma Prieta (1989) 0.60 - 1089 1540 193 47 1253.2 3.0 
Imperial Valley (1979) 0.45 -   976 1200 135 32 346.0 2.4 
Kobe (1995) 0.45 -   775 1210 40 2 255.3 2.2 
Landers (1992) 0.25 - 1300 2070 37 0 464.0 12.8 
Tabas (1978) 0.25 -   137 230 0 0 9.4 0.7 
Except for the Landers record, the maximum axial tensile strain induced in the base 
liner is below the value of 4% typically consider acceptable in practice.  This study suggests 
that in some cases Newmark analysis may indicate unacceptable performance even though 
the tensile strains induced in the geomembrane are below values typically considered 
acceptable. 
Figure 2-18 shows the axial stresses and strains in the geomembrane predicted 
using the beam model (Case II) for the 0.25 g Landers (1992) input motion, the motion that 
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produced the largest permanent displacement at the liner interface (possibly due to its long 
duration and long period content).  Note that the pattern of axial strain is consistent with 
the pattern of strain from the waste settlement analysis and the field data of Yazdani et al. 
(1995), i.e., there is tension at the head of the slope and compression at the toe of the slope.  
 
Figure 2-18 Axial strains and axial force in the base liner geomembrane calculated at the 
end of the Landers earthquake record (Kavazanjian, et al., 2011) 
2.8 Conclusions 
A performance based numerical model for static and seismic analysis and design 
of the geosynthetic elements of waste containment systems has been developed.  The model 
allows for explicit calculation of axial strains and forces in the geosynthetic elements of 
the liner system. The numerical model was developed within the framework of FLACTM, 
a large strain finite difference formulation for solving boundary value problems in 
geotechnical engineering. The model employs beam elements with zero moment of inertia 
and with interface elements on both sides of the beam to represent the geosynthetic 
elements of the containment system. The stress-strain behavior of HDPE geomembranes is 
A B 
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modeled using the parabolic non-linear elastic stress-strain relationship developed by 
Giroud (2005).  Interface shear stress-shear displacement relationships available for use 
with the model include a simple linear elastic-perfectly plastic relationship and a 
displacement softening relationship in which the mobilized shear resistance degrades from 
a peak strength to a large displacement strength as a function of the cumulative plastic 
shear deformation. The model also includes a kinematic hardening, isotropic softening 
multiple yield surface model for the internal shear deformation of hydrated GCLs.    
The model has been shown to accurately predict the behavior of a rigid block on 
horizontal and inclined planes subject to uniform cyclic loading and earthquake strong 
ground motion time histories. Both block acceleration and block displacement are 
accurately predicted provided the correct interface shear strength is employed in the model. 
The model is also shown to give reasonable results for the axial forces and strains in side 
slope liner system geomembranes subject to waste settlement and seismic loading.   
The model presented in this chapter provides a rational basis for analysis and design 
of the geosynthetic elements of containment systems for landfills, heap leach pads, and 
other engineered systems subject to liner downdrag and earthquake shaking.  The patterns 
of liner strains induced by settlement and earthquake shaking on landfill and heap leach 
pad liners are reasonable and consistent with available case history data on liners subject 
to downdrag. However, validation of the model by comparison of numerical results to field 
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or laboratory physical models is required. Furthermore, additional research is needed on 
the influence of a variety of model parameters on liner system performance, including the 
normal and shear stiffness of liner system interfaces and the tension and compression 
modulus of geomembranes under confinement. Furthermore, it must be recognized that the 
geomembrane strains predicted using this model are average strains and do not account for 
strain concentrations due to geomembrane seams and scratches in the geomembrane 
(Giroud, 2005) or other non-uniformities. 
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3 EFFECT OF WASTE SETTLEMENT ON THE INTEGRITY OF 
GEOMEMBRANE BARRIER SYSTEMS 
3.1 Introduction 
This chapter is to study impacts of waste settlement on the integrity of geosynthetic 
elements of municipal solid waste (MSW) landfill liner and cover systems.  Integrity is 
assessed by explicitly evaluating the forces and strains induced by these extreme loading 
events on the geosynthetic elements of the containment system. The forces and strains have 
been evaluated using a model for performance-based liner design developed by 
Kavazanjian et al. (2017). This model employs beam elements with zero moment of inertia, 
and interface elements on both sides to represent the geomembrane elements. The model 
also employs a parabolic stress-strain relationship to describe the behavior of 
geomembrane up to yield. The work includes parametric investigation of the parameters 
which influence the tensile strain induced the elements of the barrier systems of liners and 
covers. A numerical model of a “typical” MSW landfill with different side slope 
inclinations is developed following the methodology developed by Kavazanjian et al. 
(2017) using the two-dimensional explicit finite difference program FLAC 7.0. The 
analyses conducted using this numerical model demonstrate the importance of interface 
shear strength on load-displacement behavior and the induced tensile strains and forces in 
side slope liner systems. The analyses also demonstrate the influence of slope angle on the 
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strains and forces induced in geosynthetic liner system elements and provide a basis from 
which to develop recommendations for static and seismic design of waste containment 
systems. 
3.2 Background  
 Geosynthetic liner system design for tensile loads 
Geosynthetic materials are often vulnerable to tensile strains induced by external 
loading.  Current landfill design practice does not explicitly consider the development of 
tension in the containment system elements, despite analyses and field observations 
indicating that tensile forces induced by seismic loading can exceed the tensile strength of 
these materials (Anderson and Kavazanjian 1995; Augello et al. 1995; EMCON Associates 
1994). The large settlement of MSW landfill waste can also drag down and induce tensile 
strains on the GM and GCL elements of the side slope liner system.  Excessive tensile 
strains can potentially cause irreparable damage to the geosynthetic elements of a landfill 
liner system.  Furthermore, the damage due to tensile strains induced by settlement or 
seismic loading may be hidden beneath the waste, with no surface expression to these 
systems to alert the engineer, operator, owner, or regulator that there is a problem.  
Geosynthetic barrier systems have been mandated for MSW landfill liner and final 
cover systems in the United States for almost 20 years. The typical geosynthetic elements 
employed in landfill liner and cover systems include GMs, GCLs, and geosynthetic 
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drainage layers. Geomembranes have been explicitly included in the prescriptive liner and 
implicitly included in the cover system for MSW landfills with geosynthetic liners under 
Subtitle D of Title 40 of the Code of Federal Regulations (40 CFR) since 1993.  The 
prescriptive liner system in Section 258 of the 1993 Subtitle D regulations (40 CFR 258) 
calls for a GM at least 40 mil (1 mm) in thickness, and 60-mil (1.5 mm) thick if high density 
polyethylene (HDPE) is used, overlying a compacted clay liner (CCL) in the basal liner 
system. These regulations also require that landfills should be capped with a cover system 
that has a lower permeability than the liner, a requirement widely interpreted as implicitly 
requiring a geomembrane in the cover if a geomembrane is employed in the liner.   Subtitle 
D also requires that MSW landfills in approximately 40% of the continental United States 
must be designed for seismic loading.  
GCLs and geosynthetic drainage layers are discretionary alternatives to compacted 
low permeability soil layers and granular soil drainage layers, respectively, in MSW 
landfill liner and cover systems.  GCLs are 6 mm-thick layers of powdered or granulated 
sodium bentonite bound by a water soluble glue and either sewn or needle-punched 
between two geotextiles or adhered to a geomembrane.  GCLs are frequently preferred as 
alternatives to compacted low permeability soil layers for side slope liner systems in quarry 
and canyon landfills, where steep slopes make construction of a CCL difficult and 
expensive.  GCLs also provide the cost-effective benefits with respect to ease of 
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construction and quality assurance, provide increased useable airspace, and offer reduced 
environmental impacts (less dust, less noise, less vehicle emissions, lower water use) 
during construction (Fox and Stark 2004).  Geosynthetic drainage layers (a plastic drainage 
core protected by a filter geotextile) are also often preferred for side slope liner systems, as 
the gradient of the side slope often makes placement of granular drainage layers difficult, 
if not impossible, and also offer cost advantages over granular drainage layers in many 
cases. 
 MSW landfill settlement 
Municipal solid waste (MSW) is subject to significant volume change after 
placement in a landfill due to decomposition and high compressibility. This compression 
produces large settlements during filling operations and after closure (Edil et al. 1990, El 
Fadel et al. 1999, Park et al. 2002).  A MSW landfill will sometimes settle on the order of 
20% of the overall waste thickness after the end of waste placement.  These settlements 
may induce large shear forces in the liner system along the side slopes of the landfill and 
may also cause potential problems with the integrity of the cover system.  Large shear 
forces on the side slopes of the landfill may produce tensile strains large enough to damage 
the geosynthetic components of the liner system. 
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 Finite difference analysis of liner system strains 
The forces and strains induced on the elements of MSW landfill liner and cover 
systems by large waste settlement under static loading have been evaluated by Dixon and 
his co-workers (Dixon and Fowmes et al. 2005) to be of concern with respect to the 
integrity of geosynthetic barrier systems in landfills. Dixon and Fowmes (2005) developed 
a method for numerical modeling of the performance of the geosynthetic elements of a 
multilayered lining system in a landfill subject to downdrag forces from settlement of a 
compressible waste material. The tensile stresses in the geosynthetics and relative 
displacements at interfaces were predicted using the computer program FLACTM. Figure 
3-1 shows the structure of the slope liner system employed in their research. A benched 
quarry side slope with a geosynthetic lining system from a large landfill in South East Asia 
was represented by the two FLAC models shown in Figure 3-2. The first model was a full 
height section of side slope and was used to assess the waste and lining system behavior 
on a multiple bench quarry subgrade. The second model was a detailed model of a single 
section of the side slope and was employed to assess the behavior of the lining system in 
more detail over a single bench height. The interface and geosynthetic properties employed 
in these analyses are shown in Table 3-1. 
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Figure 3-1 Schematic of lining system used on rock benched subgrade (Fowmes and Dixon, 
2005) 
Figure 3-2 Finite difference grid used in the Dixon and Fowmes FLAC landfill models 
(Fowmes and Dixon, 2005) 
Figure 3-3 illustrates the axial strains and forces developed in geomembrane as 
predicted by Fowmes and Dixon (2005) in the FLAC analysis. Based on the result of 
numerical analysis, Fowmes and Dixon (2005) indicated that mobilized forces on the 
interface above the geomembrane must not exceed the shear strength mobilized on the 
interface below the geomembrane in order to prevent development of large tensile force. 
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Table 3-1 Interface and Geosynthetic Properties of the Dixon and Fowmes FLAC 
Landfill Models (Fowmes and Dixon, 2005) 
Interfaces Properties φpeak φresidual 
Waste vs. Geotextile 32.0° 17.0° 
Geotextile vs. Smooth Geomembrane 12.4° 8.2° 
GCL vs. Smooth/(textured) 
Geomembrane 
13.6° 
(28.7°) 
8.2° 
(14.0°) 
Geosynthetic  Properties Thickness 
Young’s 
Modulus 
Geotextile 5mm 15MPa 
HDPE Geomembrane 2mm 150MPa 
GCL 9mm 30MPa 
 
 
 
Figure 3-3 The axial strains and forces developed in geomembrane (Fowmes and Dixon, 
2005) 
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 Allowable strains for HDPE geomembrane 
The allowable strain for an HDPE geomembrane is the function of multiple factors 
includes the yield strain of material, global strain, strain concentrations, plane strain effects 
and the factor of safety. Arab (2011) found that the allowable strain could be as low as 3-
4% if the yield strain for HDPE is 11-14%. In US practice, an acceptable tensile strain of 
4-5% strains is typically used to consider the strain concentration factor for seams and 
scratchers in the geomembrane (Giroud, 2005). 
3.3 Numerical Analysis of Settlement Induced Effect on Geomembrane 
 Numerical modeling of MSW behavior 
The modeling tool employed in this paper is FLAC 7.0, a large strain finite 
difference computer program for evaluation of stresses and strains in continuous (geologic) 
media.  In order to achieve the large settlement during and after placement of waste, a 
constitutive model that was used in this study to describe the behavior of MSW is the 
Modified Cam-Clay (MCC) model. The Modified Cam-Clay model is an incremental 
elasto-plastic constitutive model developed to describe the behavior of soft compressible 
soils. The model’s features include a nonlinear hardening behavior governed by volumetric 
plastic strain. The MCC material properties used to describe MSW during waste placement 
in FLAC static analyses were derived from a numerical modeling study on the MSW 
landfill seismic response by Kavazanjian et al. (2011). A loading procedure mimicking as 
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closely as practical the assumed waste placement scenario in the field was used to calculate 
the stresses and deformations in the waste and the forces on and strains of the geomembrane 
liner. Waste material was placed in horizontal lifts 7 or 8 meters in initial thickness, as 
shown in Table 3, similar to the typical method of landfill operation. Most of the MCC 
parameters for the waste material used in the research described herein were the same as 
in Arab’s (2011) research. These parameters were established using the results of odometer 
tests conducted by GeoSyntec (1995) on OII landfill solid waste material. The MCC 
properties for the waste during construction are summarized in Table 2. 
Table 3-2 Modified Cam-Clay Properties Used for Waste Settlement during Construction 
MCC Properties of MSW 
Initial Mass Density 
(kN/m3) 
10.7 
Initial Void Ratio, 
e0 
2.04 
Initial Bulk Modulus 
(MPa) 
80.58 
Slope of 
Consolidation line, 
λ 
0.086 
Initial Shear 
Modulus 
(MPa) 
30.93 
Slope of Swelling 
Line, κ 
0.0086 
Friction Angle 
(°) 
33 
Preconsolidation 
Pressure, Pc (kPa) 
40 
CSL Slope, 
M 
1.4 
Poisson Ratio, 
υ 
0.33 
The same MCC parameters are applied to each waste layer.  The landfill was 
constructed layer by layer from the bottom to the top. The final waste mass was 80.5 m in 
height in total (at the middle of the landfill), with 12 layers of waste and a 1 m final cover 
  50 
layer of soil. The total settlement (after placement) of each waste layer is shown in Table 
3-3. The total compression of the waste during waste placement was 7.5 meters. 
Table 3-3 The Total Settlement of Waste after Construction 
Waste Layer Number Original Thickness (m) Settlement (m) 
12 8 0.07 
11 8 0.32 
10 7 0.46 
9 7 0.53 
8 7 0.59 
7 7 0.67 
6 7 0.71 
5 7 0.75 
4 7 0.78 
3 7 0.82 
2 8 0.87 
1 8 0.93 
 Total Settlement = 7.5 m 
 Cam-Clay input parameters post construction 
An important facet of MSW landfill behavior is the large post-closure settlement 
that occurs after waste placement has ceased.  This post-closure settlement is typically on 
the order of 10 to 20% of the waste thickness and occurs over an extended period time. 
This additional waste settlement was mimicked by increasing the slopes of consolidation 
line (λ) in the MCC model for the waste after all of the waste was in place. To achieve a 
final settlement of 20% of the initial fill height, λ was changed from 0.086 to 0.16. To keep 
the ratio of λ to κ constant, κ was changed from 0.0086 to 0.016. The additional settlement 
due to the alteration of these MCC paramters was 14.0 m in the middle of the waste fill, or 
approximately 18% of the final waste thickness. 
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Figure 3-4 presents the calculated unit weight calculated using the post-closure 
parameters in FLAC versus the depth of waste at the end of post-closure settlement, plotted 
to compare with typical unit weight versus depth curves for MSW from Zekkos et al. 
(2008).  The unit weight profile for the landfill at the end of the post-closure settlement 
period show reasonable consistency with the recommended unit weight profiles for 
conventional municipal solid-waste landfills (for low, typical, and high near-surface in-
place unit weight) developed by Zekkos et al. (2008).    
Figure 3-4 The unit weight values assigned to the waste layers as a function of the depth 
below the surface of the landfill 
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 Model geometry 
A numerical model was developed in FLAC 7.0 to evaluate the impact of waste 
settlement on the forces and strains in the geosynthetic elements of Subtitle D – compliant 
liner and cover systems. The geometry used in the numerical model employed in this 
research was based upon typical side slope liner geometries for steep-sided canyon landfills 
in California, e.g. Disposal Area C of the City of Los Angeles Lopez Canyon landfill (Arab 
2011). The finite difference mesh developed to model the side slope liner systems 
employed in typical canyon landfills is illustrated in Figure 3-5. The mesh has more than 
9,000 zones in the foundation, waste mass, and liner and cover systems. In the finite 
difference model the geomembrane was modeled as a beam element with interface 
elements on the both sides. For simplicity, only the geomembrane element of the 
geosynthetic liner and cover systems were evaluated, e.g. cushion geotextiles, geosynthetic 
clay liners, and geosynthetic drainage layers were not included in the model.  In the 
analyses reported in this chapter the beam elements were pinned at the top of the slope in 
the x and y direction to simulate the anchor trench. Four meter-wide benches with a vertical 
spacing of 13.3 m were employed along the side slope of the model. The slope inclination 
between benches was 1H:1V (horizontal: vertical) on one side of the model and 2H:1V on 
the other side of the model so that the influence of slope inclination on liner systems forces 
and strains could be evaluated. Similarly, the final cover system was modeled using a 
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3H:1V inclination on one side of the model and a 4H:1V inclination of the other side of 
the model, with 4 meter-wide benches every 13.3 m, vertically. 
 
 
 
 
 
 
 
Figure 3-5 (a) Finite difference model employed in the analysis  
 Waste profile and geomembrane properties 
The waste was placed in twelve 7 or 8 m lifts up to the final height of the landfill 
and then the compressibility of the waste was changed to induced post-placement 
settlement. Figure 3-5 (b) shows the stratigraphy of the finite difference model with 12 
layers of waste. 
13.3m 
Bench 
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Figure 3-5 (b) Finite difference stratigraphy for static analysis 
As illustrated in Figure 3-5, the geomembrane was modeled as a beam element with 
interface elements on both sides. The lower interface element is rigidly attached to the 
foundation soil and the upper interface element is rigidly attached to the waste in the 
geomembrane beam model. Thus, only the interaction of the interface with the 
geomembrane element is considered in the numerical model.  For the cover system, the top 
of the geomembrane was rigidly connected to the overlying soil and only the interface 
between the bottom of the geomembrane and the underlying waste was considered to 
evaluate strains in the geomembrane.  The in-plane stress-strain behavior of the interface 
elements was modeled in FLAC 7.0 as a linear elastic-perfectly plastic Mohr-Coulomb 
material. The elastic modulus of the geomembrane was assumed to be 4.84 x 108 Pa/m, 
representative of a 1.5 mm-thick HDPE geomembrane (Arab 2011).  
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Giroud (2005) showed that geomembranes exhibit nonlinear stress-strain behavior 
in tension up to yield that can be represented by a parabola. Therefore, Arab (2011) 
developed a subroutine to model the nonlinear behavior of the geomembrane beam 
elements in FLAC 7.0. This subroutine degrades the geomembrane tangent modulus, EG, 
with the axial tensile strain of the geomembrane according the equation derived by Giroud 
(2005) for the tangent modulus of a parabolic stress-stain curve.  
Interface behavior is defined using three parameters: the initial stiffness, Ei, and the 
Mohr-Coulomb shear failure parameters (adhesion, a, and interface friction angel ). 
However, for the analyses reported herein the value of the adhesion, a, was assumed to be 
zero. The stiffness assigned to the interface elements in the numerical analysis was 1 x 109 
Pa/m based upon the numerical analysis for the Chiquita Canyon landfill by Arab (2011).  
Three different sets of upper and lower interface shear strengths were employed in 
the numerical analysis to evaluate the impact of these parameters on geomembrane forces 
and strains. Table 3-4 presents these three sets of parameters. 
Table 3-4 Interface Properties Used in the Analysis 
Test Number 
Liner Cover 
Lower Interface 
Friction Angle 
Upper Interface 
Friction Angle 
Interface Friction 
Angle 
1 10° 20° 
15° 2 16° 20° 
3 25° 15.5° 
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 Strains in liner and cover system elements    
The axial strains and forces in the geosynthetic liner system elements due to waste 
settlement were monitored twice: once right after the final waste layer was placed and after 
the post-placement waste settlement had occurred. The cover system is not placed until the 
end of waste placement, so only the cover strains induced by post-closure settlement were 
evaluated in the analysis. The geomembrane liner is constructed by three steps.  First, the 
liner was anchored (pinned to the grid element) at the end of the first bench before the first 
two waste layers placed, and after the next waste layer placed the pinned connection was 
freed. Then the second and third section of the geomembrane was anchored to the end of 
second and third bench, respectively, and then freed in a similar manner as in the first step.     
Figure 3-6 shows the axial strains in the liner after the end of waste placement. 
Three different runs for upper and lower interface shear strengths were employed in the 
numerical analysis and the results are illustrated in (a), (b) and (c). Figure 8 illustrates the 
axial strains in the liner after the post-closure settlement has occurred. Table 3-5 
summarizes the maximum tensile strains in the liner for side slope inclinations of 1H:1V 
and 2H:1V.  As illustrated in Figure 3-6 and Figure 3-7 and by the data in Table 5, the 
greater the value of tan (i.e. the greater the difference between the tangent of the upper 
interface friction angle, tanU, and lower interface friction angle, tanL), the greater the 
strains and forces in the liner system elements. 
  57 
Table 3-5 Tensile Strains in the Geomembrane of Liner System 
Run 
Number 
Lower 
Interface 
Friction 
Angle 
ϕL 
Upper 
Interface 
Friction 
Angle 
ϕU 
Δtanϕ = 
tanϕU-
tanϕL 
Maximum Tensile 
Strain 
(End of Placement) 
(%) 
Maximum Tensile 
Strain 
(Post Placement 
Settlement) 
(%) 
1H:1V 2H:1V 1H:1V 2H:1V 
1 10° 20° 0.188 8.3 1.9 19.3 3.9 
2 16° 20° 0.077 3.5 1.0 9.7 1.8 
3 25° 15.5° -0.188 1.1 0.3 2.2 0.8 
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Figure 3-6 Axial strains in the liner after all the waste layers constructed: a) ϕL = 10°, ϕU = 
20°; b) ϕL = 16°, ϕU = 20°; c) ϕL = 25°, ϕU = 15.5° 
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Figure 3-7 Axial strains in the liner after post-placement settlement: a) ϕL = 10°, ϕU = 20°; 
b) ϕL = 16°, ϕU = 20°; c) ϕL = 25°, ϕU = 15.5° 
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 Axial tensile strains in cover 
To evaluate the integrity of geosynthetic barrier on top of the waste, the forces and 
strains in the geosynthetic cover system induced by the waste post placement settlement 
need to be considered. As opposed to modeling of the side slope liner behavior, only one 
interface was modeled for the cover system, the interface between the geosynthetic beam 
and the underlying waste, (typically, either a foundation or low permeability soil layer), as 
illustrated in Figure 3-8. In other words, the deformation of the geomembrane was assumed 
to conform to the settlement profile of the waste mass. This is considered a worst-case 
scenario, as any relative displacement will act to reduce the strain and force in the 
geomembrane.  Also, as the cover is not placed until waste placement was complete, only 
the impact of the post-placement settlement was considered.   
The final strains induced in the cover system induced by post-placement waste 
settlement for the cases considered herein are shown graphically in Figure 3-9. The 
maximum tensile strains are summarized in Table 3-6 for the three interface strengths 
considered in the analysis.   
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Figure 3-8 Interfaces of cover beam elements 
 
 
 
  
Figure 3-9 Axial strains in the cover due to post placement settlement 
 
Table 3-6 Tensile Strains in the Geomembrane of Cover System 
Test Number 
Lower 
Interface Friction Angle ϕ 
(Upper Glued) 
Tensile Strains 
(Post Settlement) 
(%) 
3H:1V 4H:1V 
1 15° 0.11 0.19 
 
 
Tension 
0.11% 
 
 
 
Compression 
 
Tension 
0.19% 
 
 
H:V=4:1 
 
H:V=3:1 
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3.4 Conclusions 
A computer program for performance-based design of HDPA geomembranes used 
to evaluate the forces and strain in landfill liner and cover systems due to waste settlement.  
A numerical model of a typical canyon landfill with different side slope inclinations was 
developed using the two-dimensional explicit finite difference program FLAC 7.0.  Beam 
elements with a parabolic stress-strain relationship, zero moment of inertia, and interface 
elements with frictional shear resistance on both sides were used to model the 
geomembranes. The interface shear parameters of the geomembranes and inclinations of 
the landfill side slope and cover were varied to develop an understanding of how these 
parameters influence the tensile forces and strains in the liner and cover system 
geomembranes.  
Results of the FLAC 7.0 analyses show that the tension in the liner system was 
always focused on benches and top of slope. The bottom of each section (between benches) 
of side slope slope liner was always in compression. The results also indicate that the axial 
strains and forces in the systems are sensitive to the slope inclination and the upper and 
lower interface shear strength (friction angle). The tension in the liner system 
geomembrane was least when the upper interface friction angel was lower than the lower 
interface friction angel.  However, there was still significant tension in the side slope liner, 
even when the upper interface shear strength was less than the lower interface shears 
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strength, following post-closure settlement.  For the case of ϕU < ϕL (i.e. for ϕU = 15.5o and 
ϕL= 25.5o), the maximum tension after post-closure settlement was 2.2% for the 1H:1V 
slope, but only 0.8% for 2H:1V slope. Tension for the case of ϕU > ϕL depended on Δtanϕ 
and the absolute values of ϕ. However, for the 1H:1V slope, tension was very large (e.g. 
10-20%) for both cases investigated, which was clearly unacceptable. For the 2H:1V slope, 
the maximum tensile strain of 1.8% for ϕU = 20o and ϕL= 16o (the lower Δtanϕ value) would 
be acceptable (assuming no incremental strain from seismc loading) while the maximum 
strain of 3.9% for for ϕU = 20o and ϕL= 16o ( the higher Δtanϕ value) is a marginal value for 
landfill design. For the cover system, the strains induced by waste settlements were much 
lower than in liner. The maximum tensile strain in the cover geomembrane on the 4H:1V 
slope was 0.19%, while the maximum tensile strain on the 3H:1V slope was 0.11%.  Both 
values are clearly acceptable values for landfill design.  
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4 NUMERICAL MODEL VALIDATION 
4.1 Introduction 
The objective of this paper is to validate a numerical model for performance based 
design of geomembrane liner systems subject to waste settlement and seismic loading. The 
numerical model is implemented within the finite difference computer program FLAC 7.0 
(ITASCA 2012).  The model employs beam structures with zero moment of inertia, and 
interface elements on both sides to represent the geomembrane elements of the containment 
system. The model also employed a parabolic stress-strain relationship to describe the non-
linear elastic behavior of geomembrane prior to yield. Development of the model is 
described in detail by Kavazanjian et al. (2017).  
The numerical model was validated by laboratory experiments, including large 
scale centrifuge testing of a prototype of geomembrane-lined landfill subject to waste 
settlement seismic loading conducted at the University of California at Davis (UCD) 
Centrifuge Test facility and small scale centrifuge tests conducted UCD and 1-g tests 
conducted at Arizona State University (ASU) using rigid and compliant blocks sliding on 
geomembranes to evaluate interface properties. Validation not only provides a model that 
can be used with confidence to predict static and seismic performance of geomembrane 
liner systems, but also to conduct parametric studies and develop recommendations for 
landfill design, construction, and construction quality assurance. 
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4.2 Large Centrifuge Test for Model Validation 
 Introduction  
To validate the numerical model performance based design of geosynthetic liner 
systems for landfills, a series of laboratory and physical model tests were conducted. A 
large scale centrifuge test of a model geomembrane-lined landfill was constructed and 
tested at the University of California at Davis centrifuge test facility under the United States 
National Science Foundation (NSF) Network for Earthquake Engineering Simulation 
Research (NEESR) program. The model was accelerated to a centrifuge acceleration of 60 
g and then subject to seismic loading. The interface shear strength and stiffness for input 
to the numerical model were evaluated by small scale centrifuge tests and 1-g model tests 
of a sliding block on a rigid base. These interface properties were evaluated through back 
analysis of the test results.  
The data collected in the large scale centrifuge test indicated that there was a 
potential for damaging tensile strains to be induced in landfill liner systems in the field by 
settlement or seismic loading and procided adequate data for validation of the numerical 
model. Validation compared measurements of the dynamic responss at top of waste and 
the tensile strains induced in the liner by settlement and seismic loading to results from 
numerical modeling.  
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 Centrifuge modeling principles 
Geotechnical centrifuge testing is an effective technique for testing physical scale 
models of geotechnical systems.  According to centrifuge scaling, prototype geometric 
dimensions scale proportionally to the centrifuge acceleration.  However, the stresses and 
strains within the model do not scale, i.e., have a scale fctor of 1:1 (Garnier et al., 2007). 
Based upon the scaling laws, when a geotechnical centrifuge is used simulate earthquake 
motions, the frequency content and amplitude of the earthquake motion also scale with the 
centrifuge acceleration. 
 Physical model development 
The centrifuge test of a geomembrane-lined landfill was conducted using the 2-m 
by 1-m shaking table on the 9.1 m radius, 240 g-ton centrifuge at the University of 
California at Davis Center for Geotechnical Modeling under the U.S. National Science 
Foundation Network for Earthquake Engineering Simulation Research (NEESR) program. 
Designed and construction of the model and the results of the test are described in detail 
by Kavazanjian and Gutierrez (2016). In these tests, a 0.051 mm specialty thin film 
membrane was used to model the liner system. For the centrifuge acceleration of 60 g at 
which the seismic motion was applied, the thin film membrane scales to a prototype 
thickness of approximately 3 mm. The landfill foundation was constructed of lightly 
cemented sand to simulate a firm, unyielding foundation (i.e., bedrock). The waste was 
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modeled using a peat-sand mixture designed to have a compressibility appropriate for 
simulating the total settlement of a typical municipal solid waste landfill. Laboratory 
testing data and one-deimnsional settlement analysis indicated that using a 3:1 sand:peat 
mixture would result in a settlement of approximately 14% of the initial waste thickness 
when the model was accelerated to 60 g in the centrifuge. As landfills are typically expected 
to settle between 10% and 20% of the waste thickness following closure due to waste 
degradation, this compressibility was considered to be appropriate for simulating 
downdrag on the side slope liner of a typical landfill due to waste settlement. Furthermore, 
the average unit weight of the sand:peat mixture base upon one-dimensional analysis was 
8.3 kN/m3 , which is within the range of typical unit weight values for municipal solid 
(Zekkos et al 2008).   
 To create a “worst case” scenario for model validation purposes, the side slope 
membrane was underlain by a thin (0.1524 mm) low density polyethylene (LDPE) 
membrane lubricated on the top side.  Lubrication of this membrane maximized the 
difference between the interface shear strength on the top and bottom of the specialty 
membrane and thus maximized the tension induced in the membrane. A cross section of 
the centrifuge model is shown in Figure 4-1. Figure 4-2 presents the cemented sand 
foundation shaped of the side slopes.  
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Figure 4-1 Centrifuge model cross section, prototype dimensions at 60 g in parenthesis (all 
dimensions in meters) (Kavazanjian and Gutierrez, 2017) 
Figure 4-2 Cemented sand landfill foundation within the centrifuge model container 
(Kavazanjian and Gutierrez, 2017)  
A total of 39 sensors were placed in the centrifuge model to monitor acceleration, 
displacement, and strain. The sensors consisted of 26 accelerometers, 5 LVDTs, and 8 
strain gages. Figure 4-3 shows the sensor locations projected on to the longitudinal cross 
section of the model. The strain gages were thin film polymer liquid metal-filled strain 
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gages developed by Safaqah and Riemer (2006). The strain gages were glued to the PFSA 
membrane at 6 locations. 
 
 
 
 
Figure 4-3 Sensor locations in the centrifuge model (Kavazanjian and Gutierrez, 2017) 
 Test results 
The model was spin up in three stages to reach the peak centrifuge acceleration of 
60 g. Strains in the geomembrane due to downdrag on the sideslope liner and surface 
settlement were monitored at each stage of spin up.  The settlement at the center of the 
landfill was 69 mm, approximately 13.5% of the original thickness of waste.  The 
maximum tensile strains induced by spin-up settlement monitored on the benches were 
4.70% at 1H:1V slope and 4.57% at 2H:1V slope. 
After spin up to 60 g, a horizontal earthquake motion modeled after the 1995 Kobe 
earthquake (Wilson, 1998) was applied to the model three times at successively increasing 
peak ground accelerations (PGAs). The prototype PGA values for the three motions were 
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0.05, 0.4, and 0.6 g. Seismic loading at the maximum prototype PGA of 0.6 g induced an 
additional 3–4% tensile strain in the PFSA membrane in the centrifuge model tests. 
4.3 Evaluation of Interface Properties 
 Methodology 
For the numerical model validation, the interface shear strength and stiffness are 
important input parameters.  In general, these parameters are proportional to the calculated 
strains in a geomembrane. However, direct evaluation of these parameters, particularly of 
interface stiffness, at the shear displacement rate or frequencies typical of seismic loading 
likely to be encountered in the lab or field is problematic.  Therefore, a series of small scale 
centrifuge and 1-g shaking table tests were conducted to evaluate interface shear strength 
and stiffness under dynamic loading for two different interfaces. Interfaces tested in the 
experimental program included simulated waste material–PFSA membrane and simulated 
waste material–HDPE interfaces. The interface shear strength and stiffness values were 
evaluated by inverse analysis of the test data. The basic experimental technique consisted 
of a sliding block on a fixed base with accelerometers attached to the block and base. The 
block and base were prepared as necessary to create the various interfaces that were 
evaluated. The base was then subjected to sinusoidal loading at varied excitation 
frequencies and excitation amplitudes. The centrifuge g-level and block weight were also 
varied to evaluate the influence of normal stress on the interface behavior.  The excitation 
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frequencies were varied to establish interface stiffness. The excitation amplitude was 
varied to establish the interface strength.   
The inverse analysis was conducted using the two-dimensional explicit finite 
difference computer program FLAC 7.0. In the numerical analysis, interface load-
displacement behavior was modeled using an elastic-perfectly plastic model.  The shear 
strength of the interface was determined based upon the acceleration at which the block 
began to slide, as evidenced by truncation of the acceleration time history of the block.  
The stiffness of the interface was established by matching the experimental response of the 
block to results of the numerical analysis.   
 Test protocol 
The basic experimental technique consists of conducting centrifuge experiments of 
a sliding block-on-a-horizontal-plane in the small Shaevitz centrifuge at the UC Davis 
National Centrifuge Test facility. The same waste material used in the large centrifuge test 
was used in this test. The membrane was placed within a rectangular frame filled with 
simulated waste material such that the waste can directly in touch with the membrane. The 
membrane was placed on top of a wooden base and anchored at the edges of the base.  The 
bottom of the geomembrane was lubricated to maximize the induced tension and eliminate 
the influence of the interface between the geomembrane and the base on the response of 
the system. The dimension of the box with simulated waste material was 16 cm in 
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horizontal length on each side and 3cm in vertical height. The thickness of base was 2 cm 
thick and 56 cm in length. Both the frame and the base were 30 cm wide.  Figure 4-4 shows 
the waste filled frame placed on a wooden base covered with a 40mil HDPE geomembrane.  
Accelerometers were rigidly attached to the frame and base to record the driving motions 
of the base and the response of the waste-filled frame. 
 
Figure 4-4 A box with simulated waste on a plane with HDPE geomembrane 
The model was set up on a shaking table within the centrifuge and accelerated to 
three centrifuge g-levels, 15 g, 30 g and 45 g, to induce three different vertical stressed on 
the interface. Sinusoidal seismic loading with frequencies from 15Hz to 100Hz were 
applied at each g-level. The peak acceleration of input motion at base started at 0.3 g 
(prototype value), a value which resulted in zero relative displacement between the block 
and base, and then increased in 0.1g increments until the yield strength of interface was 
exceeded. The acceleration of block and base were recorded during the tests. In the non-
slip state, the interface stiffness is the dominant factor determining the acceleration 
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response of the base.  The response of the block was monitored and an inverse analysis 
was conducted using FLAC 7.0 to evaluate the interface stiffness. The model for used for 
the numerical back analysis is shown in Figure 4-5. The interface load-displacement 
behavior was modeled using an elastic-perfectly plastic model with the yield stress based 
the acceleration at which the block began to slide. Figure 4-6 shows the best fit acceleration 
response from the inverse analysis (established using an interface stiffness of 112 Mpa/m} 
for the waste-PSFA interface for sinusoidal loading at a frequency of 30 Hz. 
 
 
Figure 4-5 Numerical model of block-on-plane with interfaces 
 
 
 
 
 
Figure 4-6 Measured and numerical accelerations of a PFSA membrane lined block subject 
to uniform sinusoidal loading 
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However, the centrifuge testing program did not to cover the entire range of 
frequencies of interest due to limitations of the test equipment. The resolution of the 
accelerometers that were used restricted the accuracy of data collection at very high 
frequencies. The frequency range of interest for typical earthquake motions is from 0.1~10 
Hz, which scales to 1.5~150 Hz in a centrifuge at 15 g. There was no difference the between 
response of block and base at frequencies below 30 Hz for the non-slip state, indicating no 
frequency dependence of interface stiffness within that range.  However, signal noise after 
80 Hz in the accelerometers made it difficult to identify the peak acceleration response.  
Supplemental 1-g testing was conducted in Arizona State University (ASU) to 
evaluate the interface stiffness at extended frequencies. The ASU testing was also designed 
to provide interface strength at low grequencies as the shaking table in the small-scale 
centrifuge was not able to supply sufficient acceleration to reach the interface yield at low 
frequencies. Figure 4-7 shows the experimental model for the ASU tests. A steel block 
with reduced bottom area was employed to increase the normal stress on the interface and 
weights were placed on top of the block to apply a normal stress on the interface equivalent 
to centrifuge induced vertical stresses. The platform on which the weights were place was 
15cm in width, 8cm in height, and 3cm in thickness. The area of reduced base was 3 cm x 
29 cm. The simulated waste was packed in a thin steel cage to create the base of the model 
and the membrane was attached to the reduced base of the steel block. The top of wooden 
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base was lubricated to maximize the tension induced in the membrane. The model was 
fixed into a rigid board on a Direct Shear system capable of applying cyclic loads.  Both 
PFSA and HDPE membranes were tested. 
Sinusoidal seismic loading with frequencies of 0.5Hz, 1Hz, 2Hz, 5Hz, 10Hz and 
15Hz were applied to the base of the model. The input acceleration was controlled by 
manipulating the horizontal displacement and frequency of actuator.  
 
 
 
 
Figure 4-7 Modified block-on-plane model test with Direct Shear system in ASU 
The acceleration of the block relative to the shaking base are presented in Figure 
4-8. As in the centrifuge tests, interface stiffness was based upon inverse analysis of the 
response of the block.  As in the centrifuge tests, the yield acceleration was identified as 
the acceleration at which relative movement between the block and the base occurred.  The 
interface friction angle was taken as the angle at which the tangent of the angle equaled the 
yield acceleration divided by the acceleration of gravity.  
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Figure 4-8 Measured and Calculated Accelerations of a Geomembrane Lined Black Subject 
to Uniform Sinusoidal Loading (Arab and Kavazanjian, 2010)  
Figure 4-9 illustrates the effect of interface shear strength and stiffness on the 
acceleration response of block and base after yielding. A horizontal “plateau” can be 
observed in the block response at yield, i.e., when the relative displacement occurs between 
block and base. The interface shear strength is proportional to the height of “platform”, H, 
and the interface stiffness is proportional to the distance D.      
 
 
 
 
 
Figure 4-9 Effect of interface shear strength and stiffness on the acceleration responses 
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Inverse analysis with numerical model was employed to validate the interface 
properties. The interface stiffness and strength were evaluated by fitting the numerical 
results from FLAC analysis to the experimental results. One of the best fit results for the 
waste-HDPE interface with a normal stress of 11.4 kPa are presented in Figure 4-10 for a 
seismic loading amplitude of 0.5 g and a frequency of 5 Hz (50mm/s in shear displacement 
rate). The interface stiffness, ks, in this case is 78 MPa/m, and the interface strength, ϕ, is 
25ᵒ. Figure 4-11 presents all the interface shear strength as a function of horizontal 
displacement rate for both waste-HDPE and waste-PFSA interface. The results from the 1-
g tests show consistency with the results from the small scale centrifuge test. The results 
indicate that the interface shear strength (friction angle) is sensitive to the shear 
displacement rate, with higher shear displacement rate inducing an increase in interface 
shear strength. The normal stress on the interface does not appear to be a factor influencing 
interface friction angle, no obvious variation in the value of shear strength at different 
normal stress were observed. 
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Figure 4-10 Best fit of measured and numerical responses of waste-HDPE interface 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
A
cc
el
er
at
io
n
 (
g)
Time (s)
Acceleration Response: Normal stress = 11.4kPa
Experiment Input Motion FLAC
  79 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
(b) 
Figure 4-11 Interface shear strength in different shear displacement and normal stress. 
(a)HDPE-waste interface, (b)PFSA-waste interface 
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Figure 4-12 presents the interface shear stiffness in different shaking frequencies. 
The interface stiffness is over 100MPa/m below 1Hz then decreases with increasing 
frequency Also, the waste-PFSA interface of membrane is stiffer than the waste-HDPE 
interface. 
 
 
 
 
 
 
Figure 4-12 Interface shear stiffness versus shaking frequency 
4.4 Numerical Validation 
 Model development 
A numerical model was developed in FLAC 7.0 to validate the methodology for 
performance based design of geomembrane liner systems subject to waste settlement and 
seismic loading. The geometry and dimensions used in the numerical model was based 
upon the physical model for large scale centrifuge test at the UC Davis centrifuge test 
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facility. The finite difference mesh developed to model the geomembrane liner system is 
illustrated in Figure 4-13. The total number of zones in the mesh was approximately 300, 
including the foundation, waste mass, and geosynthetic elements. To match the physical 
model, the slope inclination between benches was 1H:1V (horizontal: vertical) on one side 
of the model and 2H:1V on the other side of the model (so that the influence of slope 
inclination on liner systems strains could be evaluated).  
 
 
 
 
 
Figure 4-13 Finite difference model for the validation 
 Waste profile and geomembrane properties 
The static behavior of the waste was modeled using Modified Cam-Clay (MCC) 
material properties. The compressibility of the waste was set to an appropriate value to 
induce a 69 mm settlement measured at the center of the landfill under a centrifuge 
acceleration of 60 g, which was approximately 14% of the waste thickness. (Landfills 
typically settle between 10% and 20% of the waste thickness during waste placement and 
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post-closure waste degradation. The MCC parameters for the peat-sand simulated waste 
material were assessed based upon one-dimensional compression test, as reported by 
Kavazanjian and Gutierrez (2016) are summarized in Table 4-1. 
Table 4-1 Modified Cam-Clay Properties Used for Waste Settlement 
MCC properties of simulated waste 
Initial Mass Density 
(kN/m3) 
8.3 
Initial Void Ratio, 
e0 
3.0 
Initial Bulk Modulus 
(MPa) 
10.8 
Slope of 
Consolidation line, 
λ 
0.28 
Initial Shear 
Modulus 
(MPa) 
4.9 
Slope of Swelling 
Line, κ 
0.15 
Friction Angle 
(°) 
33 
Preconsolidation 
Pressure, Pc (kPa) 
10 
Material Constant, 
M 
1.0 
Poisson Ratio, 
υ 
0.3 
In the finite difference model the PFSA membrane was modeled as a beam element 
with interface elements on the both sides, as illustrated in Figure 4-14. As the lower 
interface of the geomembrane on the slope was lubricated it was assigned zero interface 
strength. The friction angle for upper interface was set equal to 21.7ᵒ based upon the block-
on-a-horizontal-plane shaking test in ASU. The beam elements were pinned at the top of 
the slope in the x and y direction to simulate an anchor trench. The in-plane stress-strain 
behavior of the geomembrane was modeled in FLAC 7.0 as a non-linear parabolic stress-
strain to simulate the behavior of HDPE in tension up to yield (Giroud 2005). Using this 
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model, the equation for the tangent moduli, Etan, of the geomembrane for any strain, , 
below the yield strain, y is given by Giroud (2005) as: 
                                                                                                             (1) 
N is a parabolic order and equal to 4 for HDPE geomembranes. The strength and 
stiffness of PFSA was evaluated from the wide-width tensile tests on the PFSA membrane 
used in the centrifuge test. Figure 4-15 compares tangent modulus curves for N equalt to 
2, 3, and 4, to the experimentally-derived values.  N = 2 was considered the value that best 
represented the tangent modulus (i.e., the stress-strain behavior) of the PFSA membrane.  
 
Figure 4-14 Geosynthetic beam element with interfaces for liner system 
The interface load-displacement behavior was modeled using an elastic-perfectly 
plastic model. The stiffness assigned to the interface elements for the waste-PFSA in the 
numerical validation analysis was 105 MPa/m based upon the numerical back analysis for 
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the block-on-plane system. The value of interface properties were based upon the small 
scale centrifuge test results at 30 Hz since the centrifuge acceleration was 60 g. A Fast 
Fourier Transform (FFT) analysis of the response monitored at the top of waste indicated 
that this was the dominant frequency for the response of the large scale centrifuge model.  
Figure 4-16 illustrates the dominant frequency of 30 Hz observed in FFT curve analyzed 
by FLAC 7.0. Note that this corresponds to a frequency of 0.5 Hz the prototype scale, a 
typical dominant frequency for seismic response of a solid waste landfill (i.e., Matasovic 
and Kavazanjian, 2005).  
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(a) 
 
 
 
 
 
 
 
 
(b) 
Figure 4-15 Parabolic model for PFSA membrane: (a) Tangent modulus; (b) Stress-strain 
behavior 
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Figure 4-16 Fast Fourier Transform on response at top of waste 
 Strains induced by static settlement 
The FLAC mesh was initially weightless and then gravity was applied to simulate 
the ody forces under the 60 centrifuge model, inducing 69 mm of settlement at the center 
of landfill (approximately 13.2% of the waste thickess), approximately equal to the 
measured value in the centrifuge model. The settlement induced downdrag strains on the 
side slope liner system is are shown in Figure 4-17. The maximum tensile strain in the liner 
induced by downdrag on the 1H:1V slope liner was 4.82%, and the maximum tensile strain 
on the 2H:1V slope was 4.25%. Table 4-2 compares axial tensile strains on the slopes from 
the experimental to the analytical results.  Note that the measured maximum measured 
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strains were from the strain gauges on the benches or at the crest of the slope. This 
comparison shows very good agreement between experimental measurements and the 
results of the numerical analysis. 
 
 
 
Figure 4-17 The axial tensile strains induced in the side slope liner from static settlement 
Table 4-2 Maximum axial tensile strains at benches induced by static settlement 
 Experimental Numerical 
1H:1V slope 4.70% 4.82% 
2H:1V slope 4.57% 4.25% 
 Seismic analysis 
The waste in the FLAC 7.0 seismic analyses was treated as a nonlinear hysteretic 
material and initially assigned values based upon the back bone curves from the Direct 
Shear tests and Vs tests by Kavazanjian and Guiterrez et al. (2017). The seismic response 
of a vertical column through the center of the landfill model predicted by FLAC 7.0 using 
these modulus reduction and damping curves was compared to the response of the same 
column predicted using SHAKE to establish the validity of using these curves in FLAC 
7.0. Figure 4-18 presents the comparison of the pseudo-velocity response spectrum at the 
Tension 
Compression 
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top of the vertical column through the center of the waste predicted by FLAC to that 
predicted by SHAKE. To achieve better agreement, the shear modulus reduction curve was 
modified to achieve the agreement shown in Figure 20 for the “best fit case.   
 
 
 
 
 
 
 
Figure 4-18 Velocity response spectrum at the top of the vertical column through the center 
of the waste 
Figure 4-19 compares the shear modulus reduction curve for the sand-peat mixture 
from Guiterrez et al. (2017) to the best-fit curve from the FLAC-SHAKE analysis, the 
sand-peat-clay mixture used by Thusyanthan et al. (2006) to model mucnipal solid waste 
in centrifuge tests, and the upper and lower bound modulus reduction curves presented by 
Matasovic and Kavazanjian (1998) for solid waste from the OII Landfill in southern 
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California. Figure 4-20 provides a similar set of curves and data points for the equivalent 
linear fraction of critical damping.  
 
 
 
 
 
 
Figure 4-19 Equivalent linear shear modulus reduction versus shear strain 
 
 
 
 
 
 
Figure 4-20 Fraction of critical damping (Damping ratio) versus shear strain 
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Figure 4-21 compares the acceleration at top of waste from the FLAC numerical 
analysis to the experimental results. The responses converted to acceleration spectra are 
presented in Figure 4-22. As noted previously with respect to the frequency from which to 
select the interface stiffness for modeling the experimental results from the large scale 
centrifuge test, the response spectra show a dominant frequency of 30 Hz, equivalent to 0.5 
Hz on the prototype scale.  
 
Figure 4-21 Acceleration response at top of waste  
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Figure 4-22 Acceleration response spectrum at top of waste 
Figure 4-23 shows the cumulative strains in geomembrane elements after 
settlement and seismic loading. Table 4-3 shows the cumulative strains after seismic 
loading calculated using FLAC and recorded from the centrifuge test. The maximum 
tensile strains on the crest of the slope after settlement and seismic loading from numerical 
analysis are 9.20% on 1H:1V slope and 8.27% on 2H:1V slope versus a measured value of 
8.09 % on the  on the 2H:1V slope. Note that strain data was not collected in the centrifuge 
test on the 1H:1V bench due to the malfunction of sensors. 
 
 
 
Figure 4-23 The cumulative axial tensile strains in the side slope liner after seismic loading 
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  Table 4-3 Maximum Axial Tensile Strains at Benches after Seismic Loading 
 Experimental Numerical 
1H:1V slope Not available 9.20% 
2H:1V slope 8.09% 8.27% 
 Discussion of results 
For validation purpose, the results of the FLAC numerical analysis were compared 
with the data from the large centrifuge test. Using MCC parameters from one-dimensional 
compression tests, the numerical analysis yielded the same amount of settlement as the 
experimental results, 69 mm at the centerline of the model upon spin up to 60 g.  The 
settlement of the waste resulted in measured maximum tensile strains of 4.57% on the 
2H:1V slope and 4.70% on the 1H:1V slope in the liner near the crest of the bench. These 
values agreed well with the tensile strains of 4.25% and 4.82% predicted by the numerical 
analysis at these locations. The equivalent linear dynamic properties of the waste used in 
FLAC analysis of a one-dimensional waste column were calibrated based a comparison of 
the FLAC results with results from SHAKE, an industry standard program.  The centrifuge 
model was loaded with a ground motion designed to simulate a ground motion from the 
1995 Kobe earthquake with a peak ground acceleration of 0.6 g. This ground motion 
induced an additional 3-4% to the measured tensile strains in the geomembrane elements 
at benches, consistent with the results of the numerical model. These values are also show 
good agreement with the experimental results. Furthermore, ground motions predicted at 
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the top of the waste mass by the numerical model were in good agreement with the 
measured response of the centrifuge model. 
4.5 Summary and Conclusion 
A numerical model of performance-based methodology for design of the 
geomembrane elements of waste containment systems was validated for prediction of the 
integrity of geomembrane liner systems subject to waste settlement and seismic loading.  
Due to the absence of any instrumented case histories of seismic performance of 
geomembrane liner systems, a large scale centrifuge test of a model geomembrane-lined 
landfill subject to seismic loading, conducted at the University of California at Davis 
Centrifuge Test facility as part of National Science Foundation Network for Earthquake 
the Engineering Simulation Research (NEESR) program, was used for model validation.  
Parameters for the validation analyses were obtained from laboratory and small scale 
centrifuge tests to determine the strength and stiffness of the model waste materials 
materials, interface shear strengths, and interface stiffness. Data collected in the large scale 
centrifuge test included waste settlement, liner strains, and earthquake accelerations 
throughout the model. The numerical results of the simulated model show a good 
agreement with the experimental results. The validation confirms the applicability of the 
FLAC numerical model for the prediction of stress and strain in a geomembrane due to 
downdrag force and earthquake loading.  
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5 PARAMETRIC STUDIES  
5.1 Introduction 
This chapter presents sensitivity analyses of the influence of interface shear 
strength and slope angle on the tensile forces and strains induced by waste settlement and 
seismic loading in a geomembrane liner. The numerical model employed in this work was 
developed by Arab (2011) and was validated by a large scale centrifuge test of a model 
geomembrane-lined landfill conducted at the University of California at Davis (UCD) 
Centrifuge Test facility as part of National Science Foundation Network for Earthquake 
the Engineering Simulation Research (NEESR) program. The sensitivity study was 
conducted using a landfill geometry considered representative of a typical canyon or quarry 
landfill, with relatively steep side slopes interrupted by horizontal benches. Input 
parameters for HDPE geomembranes employed in the analysis included interface shear 
strengths based on typical values and interface stiffness evaluated by inverse analysis of a 
geomembrane lined block-on-plane in centrifuge and 1-g model tests. In the sensitivity 
analyses, seismic loading is applied at the end of the post-closure settlement period, i.e., 
the seismic strains are induced on top of the strains induced in the side slope geomembrane 
liner due to settlement during waste placement and post-closure settlement. The sensitivity 
analyses evaluated the influence of slope angle and interface friction on the strains and 
forces in the geomembrane element of the landfill barrier systems. 
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5.2 Numerical Model Development  
To evaluate the effect of waste settlement- and earthquake-induced strains on the 
integrity of a geomembrane barrier system, a numerical model of a MSW landfill with 
different side slope inclinations was developed following the methodology developed by 
Kavazanjian et al. (2017). The numerical model employed a performance-based model for 
geomembrane performance developed by Arab (2011) within the two-dimensional explicit 
finite difference program FLACTM. The Arab (2011) model employ beam elements with a 
parabolic stress-strain relationship for the non-linear behavior of a geomembrane subject 
to tension. The beam elements were assigned a zero moment of inertia, and interface 
elements were attached on both sides. The model geometry was based upon typical side 
slope liner geometry for a steep-sided canyon landfills in California, e.g. Disposal Area C 
of the City of Los Angeles Lopez Canyon landfill (Arab 2011).  
The behavior of the waste during waste placement was modeled using the modified 
Cam-Clay (MCC) constitutive model.  Post closure settlement was modeled by changing 
the compressibility of the waste once it reached its final elevation. The MCC material 
properties used to the waste during waste placement and during the post-closure settlement 
period in FLAC static analyses were derived from a numerical modeling study on the 
influence of waste settlement on landfill liner systems conducted by Wu (2014). Waste was 
placed in twelve 7 or 8 m lifts up to the final height of the landfill, allowing the waste to 
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settle under its own weight. Upon reaching its final elevation, the compressibility of the 
waste was changed to induced post-closure settlement equal to approximately 18% of the 
waste thickness at the center of the landfill. 
For the seismic analysis, the waste was modeled as an equivalent linear material.   
Modulus reduction and damping curves for MSW based upon inverse analysis of the 
seismic response of the Operating Industries, Inc. landfill (Matasovic and Kavazanjian 
1998).  For both static and seismic analysis, the interfaces with the geomembrane were 
modelled using an elastic-perfectly plastic stress strain model. 
5.3 Model Validation 
The numerical model was validated by Wu and Kavazanjian (2017) using data from 
a large centrifuge test of a model geomembrane-lined landfill at UCD centrifuge test 
facility. A model of a lined landfill was placed on a 2-m by 1-m shaking table, accelerated 
to a centrifuge level of 60 g to induce settlement and liner downdrag, and then shaken with 
an earthquake-like motion. Design and construction of the centrifuge model is described 
by Gutierrez (2016). A 0.051 mm specialty thin membrane was used to model the landfill 
liner system to compensate for centrifuge model scaling effects. The landfill foundation 
was constructed of lightly cemented sand to simulate the bedrock properties. The waste 
was modeled using a peat-sand mixture, with the proportions of peat and sand selected to 
provide a compressibility similar to that of MSW. 
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Interface shear strengths and interface stiffness, two essential material properties 
for model validation, were established via supplemental laboratory and small scale 
centrifuge tests by Wu and Kavaznajian (2017). Wu and Kavazanjian (2017) conducted a 
series of centrifuge and 1-g model tests with dynamic loading of a block-on-plane system 
and then used inverse analysis to evaluate the interface properties for the specialty 
membrane-simulated waste interface properties. 
A numerical model of the centrifuge model was developed by Wu and Kavazanjian 
(2017) using the Arab (2011) FLAC 7.0 model for performance-based design of 
geomembranes. Measured liner strains and seismic accelerations from the large scale 
centrifuge test were compared to the numerical model predictions. The good agreement 
between model test and numerical analysis results was considered a validation of the Arab 
(2011) numerical model for performance based design of geomembranes in landfill liner 
systems subject to downdrag force and earthquake loading. 
5.4 Parametric Analysis  
A parametric study of stress and strain in geomembranes due to waste settlement 
and seismic loading was conducted using the validated numerical model. Following the 
procedure used by Wu (2014), the landfill cross section used in the analysis is as same as 
shown in Figure 3-5 in Chapter 3. The landfill cross section was based upon the geometry 
of typical canyon and quarry landfills, with two 4 m-wide horizontal benches separating 
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three segments of side slope each 13.3 m in height.  Side slope angles of 1:1 (H:V) and 2:1 
(H:V) were used on opposite sides of the model to capture the influence of side slope angle 
on liner performance. The liner was assumed to be a 60 mil HDPE liner and was modeled 
using the parabolic non-linear elastic stress strain curve of Giroud (2005).  
At the end of waste placement, the waste mass side slopes rose 40 m above grade 
at 3H:1V and 4H:1V on opposite sides of the model, with 4 m-wide benches every 13.3 m 
in height, to a top deck with a gentle slope of 33:1 (H:V) to the landfill crest. The cover 
system was analyzed by fixing the overlying cover soil to the geomembrane and employing 
an interface friction angle of 15 degrees to the lower interface. Fixing the cover soil to the 
geomembrane essentially set the upper interface strength equal to the strength of the cover 
soil and was assumed to represent a worst case with respect to the strains in the cover 
system geomembrane. An interface friction angle of 15 degrees was employed as a typical 
value for the lower interface.   
Three different sets of upper and lower interface shear strengths for the base liner 
were employed in the numerical analysis to evaluate the impact of these parameters on 
geomembrane forces and strains.  Only one interface friction angle was used for the cover 
system as this was not part of the parametric analysis.  Table 1 presents the three sets of 
liner interface parameters. The normal stiffness assigned to the interface elements in the 
numerical analysis was 1 x 109 Pa/m based upon the numerical analysis for Chiquita 
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Canyon landfill by Arab (2011).  The interface shear stiffness for the liner system was set 
equal to 100 Mpa/m based upon the response of a geomembrane-lined sliding block-on-
plane tests conducted in the small Shaevitz centrifuge at the UCD (and on a 1-g shaking 
table at ASU Wu and Kavazanjian, 2017). 
Table 5-1 Interface Properties Used in the Analysis 
Test Number 
Liner Cover 
Lower Interface 
Friction Angle 
Upper Interface 
Friction Angle 
Interface Friction 
Angle 
1 10° 20° 
15° 2 16° 20° 
3 25° 15.5° 
5.5 Static Settlement Analysis 
Following the procedure used by Wu (2014), the waste was modeled as a Cam-clay 
material with the properties shown in Table 4-1. The waste was placed in twelve 7-8 m-
thick lifts and allowed to settle under its own weight up to the final elevations.  Post closure 
settlement was modeled by change the compressibility parameters of waste, resulting in a 
settlement of 14 m on the landfill centerline after it had reached the final grade. 
Table 5-2 summarizes the maximum tensile strains in the liner and cover system 
for side slope inclinations of 1H:1V and 2H:1V induced by waste placement and post-
closure settlement of the landfill, i.e., by static settlement of the waste. Results of the static 
settlement analyses show that the tension in the liner system was always focused on 
benches and at the crest of the side slope. The bottom of each section of side slope liner 
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(between benches) was always in compression. The results show greater tension in 
geomembrane for the steeper side slope and that tension in the geomembrane for the case 
of ϕU > ϕL depended upon both the value of Δtanϕ and the absolute values of ϕ.  However, 
when the interface strength below the liner was greater than the interface strength on top 
of the liner the tensile strains were minimal. When the interface strength below the liner 
was less than the interface strength on top of the liner, higher values of Δtanϕ between 
interfaces on the top and bottom of the geomembrane always produced greater tensile strain 
in the geomembrane. Furthermore, tensile strains in the 1H:1V slope were excessive for 
the cases when the interface strength below the liner was less than the interface strength on 
top of the liner.  For the 2H:1V slope, post settlement tensile strains were manageable for 
the smaller value of Δtanϕ and within acceptable bounds for the larger value of Δtanϕ 
according to the current state of practice in the United States which limits tensile strains in 
HDPE geomembranes to less than 4 percent (Peggs, 2005). Table 5-2 (b) presents the 
maximum tensile strain in the cover system following post closure settlement.  On both 
sides of the landfill, tensile strains in the cover system were manageably small. 
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Table 5-2 Tensile Strains in the Geomembrane Barrier System 
(a) Maximum Tensile Strains in Liner 
Run 
Number 
Upper 
Interface 
Friction 
Angle 
ϕU  
Lower 
Interface 
Friction 
Angle 
ϕL 
Δtanϕ = 
tanϕU-
tanϕL 
Maximum Tensile 
Strain  
(End of Placement) 
(%) 
Maximum Tensile 
Strain  
(Post Placement 
Settlement) 
(%) 
1H:1V 2H:1V 1H:1V 2H:1V 
1 20° 10° 0.188 8.3 1.9 18.9 3.7 
2 20ᵒ 16° 0.077 3.5 1.0 9.0 1.6 
3 15.5ᵒ 25° -0.188 1.1 0.3 2.1 0.8 
(b) Maximum Strains in Cover 
Run Number 
Lower 
Interface Friction Angle ϕ 
(Upper Glued) 
Tensile Strains  
(Post Settlement) 
(%) 
3H:1V 4H:1V 
1 15° 0.10 0.16 
 
5.6 Seismic Analysis 
 Input motion 
The combined impact of settlement and seismic loading on the strains and forces 
in the geomembrane elements of the representative steep side slope landfill cross section 
analyzed is investigated using the FLAC numerical model. The seismic loading applied at 
the end of the post-closure settlement period was based upon the motion used by Arab 
(2011) to analyze the behavior of the Lopez Canyon landfill in the 1994 Northridge 
earthquake. Arab (2011) used FLAC 6.0 to evaluate case histories of the performance of 
both the Lopez Canyon and Chiquita Canton landfills in the Northridge earthquake. The 
Lopez Canyon landfill was subjected to the strongest shaking of the two case histories. The 
Lopez Canyon landfill is located fairly close to the Pacioma Dam Downstream strong 
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motion recording station, so the recorded Pacioma Dam Downstream motions from the 
1994 Northridge earthquake were used for the Lopez Canyon case history analysis. Due to 
the proximity of the recording station to the landfill, the strong motion records from 
Pacoima Dam Downstream station were assumed to represent rock outcrop motions at the 
Lopez Canyon landfill site. However, the accelerograms were rotated by Arab (2011) to 
obtain the motions corresponding to azimuths of 60 degrees and 290 degrees to coincide 
with the directions of the two cross sections of the landfill analyzed. 
Figure 5-1 shows the response spectra for the motion at the Pacioma Dam 
Downstream strong motion station rotated to azimuths of 60 degrees and 290 degrees. Due 
to the proximity of the landfill site to the Pacoima Dam Downstream station, the ground 
motions at the landfill site were assumed to have the same PGA as recorded at the Pacoima 
Dam Downstream station. These values were 0.49 g and 0.33 g for the 60 degree and 290 
degree azimuth records, respectively. The stronger motion, the record for the 60 degree 
azimuth with a 0.49 g PGA, was employed in the analysis reported herein.  To transform 
this bedrock outcrop strong motion record into a subsurface ground motion that can be 
applied at the base of the two-dimensional (2-D) FLAC 7.0 model used in this analysis a 
deconvolution procedure was employed. The deconvolution procedure used SHAKE2000 
to calculate the upward propagating motion at the base of the 2-D FLAC 7.0 model 
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according to the procedure described by Mejia and Dawson (2006). This deconvolution 
procedure is illustrated in Figure 5-2. 
 
Figure 5-1 Response spectra of motions records at Pacioma Dam Downstream station from 
1994 Northridge earthquake rotated to azimuths of 60 degrees and 290 degrees (Arab 2011) 
 
 
 
 
 
 
 
Figure 5-2 The deconvolution procedure for FLAC 7.0 (Mejia and Dawson 2006) 
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 Waste properties for dynamic analysis 
The unit weight of waste for the dynamic analysis were the values at the end of the 
post-closure settlement period calculated based on the MCC parameters used by 
Kavazanjian and Wu (2017). The shear wave velocity is evaluated based on the analysis 
on Operating Industries, Inc. (OII) landfill by Arab (2011).  Table 5-3 summarizes the 
values of total unit weight, shear wave velocity, and Poisson’s ratio employed for the waste 
and foundation rock in the seismic analyses. A value of 0.33 was used for the Poisson’s 
ratio of the waste based upon field measurements at the OII landfill (Matasovic and 
Kavazanjian 1998).  Figure 5-3 shows the shear wave velocity versus depth compare to 
typical values recommended by Kavazanjian (1996) and Ramiah et al. (2015).   
Table 5-3 Waste and Foundation Material Properties 
 Layer 
Unit 
Weight 
(kN/m3) 
Shear Wave 
velocity 
(m/s) 
Poison's 
Ratio 
MSW 
1 11.0 175 0.33 
2 12.3 248 0.33 
3 13.2 270 0.33 
4 13.6 305 0.33 
5 14.1 320 0.33 
6 14.5 340 0.33 
7 14.7 355 0.33 
8 15.1 370 0.33 
9 15.3 385 0.33 
10 15.6 400 0.33 
11 15.7 410 0.33 
12 15.8 420 0.33 
Rock 
1 16.5 900 0.25 
2 18.8 1200 0.25 
  105 
 
Figure 5-3 The comparison between the calculated shear wave velocity and recommended 
range of values for southern California solid waste landfills  
The waste in the FLAC 7.0 seismic analyses was treated as a equivalent linear 
material. The equivalent linear shear modulus reduction and damping curves for the waste 
were derived by matching the curves used in FLAC to the curves recommended by 
Matasovic and Kavazanjian (1998) for MSW based upon back analysis of the seismic 
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response of the Operating Industries Landfill and cyclic laboratory testing on the OII waste. 
A functional form was assumed for the waste backbone curve based upon the FLAC 
subroutine called “Hardin/Drnevich model.” The resulting shear modulus reduction and 
damping curves were compared to the corresponding curves for MSW recommended by 
Matasovic and Kavazanjian (1998). The parameters describing the backbone curve were 
adjusted until relatively good agreement was achieved for both the modulus reduction and 
damping curve, with the caveat that the waste not be over damped.  The shear modulus 
reduction curves are presented in Figure 5-4(a) and damping curves are shown in Figure 
5-4(b) along with the curves of Matasovic and Kavazanjian (1998). 
The seismic response predicted by FLAC 7.0 of a vertical column through the 
center of the landfill using these modulus reduction and damping curves was compared to 
the response of the same column predicted using SHAKE and the modulus reduction and 
damping curves of Matasovic and Kavazanjian (1998) to establish the validity of the curves 
used in FLAC 7.0. Figure 5-5 presents the comparison of the acceleration response 
spectrum at the top of the vertical column through the center of the waste predicted by 
FLAC to that predicted by SHAKE. The shear modulus reduction and damping curves used 
in the analysis illustrated in Figure 5-4 were employed in the two-dimensional FLAC 7.0 
seismic analysis or the landfill described in this chapter.   
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Figure 5-4 Equivalent linear curves employed in the FLAC 7.0 analyses: (a) modulus 
reduction; (b) damping curve 
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Figure 5-5 Acceleration response spectrum at the top of the vertical column through the 
center of the waste 
 2-D seismic response analyses 
A schematic diagram of the finite difference model developed to analyze the 
seismic response of the landfill is presented in Figure 5-6. The layering in the model was 
developed such that each layer had approximately the same overburden stress in the middle 
of the layer across the landfill, and thus the same shear wave velocity and unit weight.  In 
the seismic analysis, quiet boundaries were used for the vertical side boundaries and the 
bottom boundary of the model to absorb the outgoing (downward and outward 
propagating) seismic waves instead of reflecting them back into the model. 
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Figure 5-6 Finite difference model with boundary conditions for seismic analyses 
 Geomembrane strains 
The seismic analyses were conducted with the cover geomembrane and an 
overlying final cover soil layer in place.  The same three combinations of upper and lower 
interface strength were used in this analysis as used in the static settlement analyses 
described previously.  These interface strength values are presented in Table 5-1. Table 5-4 
and Table 5-5 present a summary of the total maximum tensile strain induced in the 
geomembrane liner for the 2-D non-linear analyses by the combined effect of waste 
settlement and seismic loading using the strong motion record from the Pacoima Dam 
Downstream recording station rotated to an azimuth of 60 degrees along with the upper 
and lower interface shear strength used in the analyses. Table 5-6 presents the distribution 
of tensile strains predicted in the geomembrane of cover system.  
Waste Layers 
 
Quiet Boundary 
 
Quiet Boundary 
 
Quiet Boundary 
 
Rock (Vs=1200m/s) 
 
Rock (Vs=900m/s) 
 
Cover Soil 
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The reported seismic strains in Table 5-4 through Table 5-6 are the combined 
strains, i.e. the strains due to static settlement at the end of the post-closure period and the 
seismic loading at the end of earthquake, which is when the maximum tensile strain 
occurred. The combined maximum axial strains in the liner for the two different slope 
inclinations in the model (i.e. on the two sides of the model) are presented graphically in 
Figure 5-7(a), (b) and (c) for the three combinations of upper and lower interface strength 
considered in the analyses. The combined maximum axial strains in the bottom liner are 
presented in Figure 5-8(a), (b) and (c) for the three combinations of upper and lower 
interface strength considered in the analyses. The combined maximum axial strains in the 
cover geomembrane for the one interface strength case considered in the analysis are 
presented in Figure 5-9. 
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Table 5-4 Maximum Tensile Strains in the Geomembrane Side Slope Liner after Seismic 
Loading 
Test 
Number 
Lower 
Interface 
Friction 
Angle ϕL 
(deg) 
Upper 
Interface 
Friction 
Angle ϕU 
(deg) 
Δtanϕ = tanϕU-
tanϕL 
Tensile Strains  
(Seismic) 
(%) 
1H:1V 2H:1V 
1 10° 20° 0.188 27.0 7.2 
2 16° 20° 0.077 12.9 3.3 
3 25° 15.5° -0.188 4.1 1.4 
 
Table 5-5 Maximum Tensile Strains in the Geomembrane Base Liner after Seismic 
Loading 
Test 
Number 
Lower 
Interface 
Friction 
Angle ϕL 
(deg) 
Upper 
Interface 
Friction 
Angle ϕU 
(deg) 
Δtanϕ = tanϕU-
tanϕL 
Tensile Strains  
(Seismic) 
(%) 
1H:1V 
1 10° 20° 0.188 2.0 
2 16° 20° 0.077 1.7 
3 25° 15.5° -0.188 0.8 
 
Table 5-6 Maximum Tensile Strains in the Cover Geomembrane after Seismic Loading 
Test 
Number 
Lower Interface 
Friction Angle ϕ  
(deg) 
Maximum Tensile Strains  
(Seismic) 
(%) 
3H:1V 4H:1V Cover 
1 15° 3.2 1.9 4.3 
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(b) 
 
 
 
 
 
(c) 
Figure 5-7 The axial tensile strains induced in the side slope geomembrane liner from 
combined static settlement and seismic loading: a) ϕL = 10°, ϕU = 20°; b) ϕL = 16°, ϕU = 
20°; c) ϕL = 25°, ϕU = 15.5° 
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Figure 5-8 The combined axial tensile strains induced in the base liner geomembrane by 
static settlement and seismic loading: a) ϕL = 10°, ϕU = 20°; b) ϕL = 16°, ϕU = 20°; c) ϕL = 
25°, ϕU = 15.5° 
 
 
 
 
 
 
 
Figure 5-9 The combined axial tensile strains in the cover system geomembrane: ϕL = 16°, 
ϕU = fixed 
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5.7 Discussion of Results 
The reported seismic strains are the combined strains of waste settlement and 
seismic loading at the end of earthquake, which was when the maximum tensile strain 
occurred. The results are consistent with the results from the static settlement analysis in 
that the axial strains and forces in the geomembranes are dependent upon the slope 
inclination and the upper and lower interface shear strengths (friction angles). The 
combined tensile strain in side slope geomembrane due to settlement and seismic loading 
still was the least for the case where  ϕU < ϕL, i.e. for ϕU = 15.5° and ϕL = 25°, with a 
maximum tensle strain of 4.1% for the 1H:1V slope and 1.4% for the 2H:1V slope. Tension 
in the geomembrane was greater for the two cases of ϕU > ϕL with maximum tensile strains 
of  7.2% in 1H:1V and 3.3% in 2H:1V for the case of ϕL = 16°, ϕU = 20°; (the lower value 
of Δtanϕ) and a maximum tensile strain of 27% in 1H:1V slope and 2.9% in 2H:1V slope 
for ϕU = 20° and ϕL = 10° (the higher Δtanϕ value used in the analysis). For the bottom 
geomembrane liner, there were no significant tensile strains in any of the three cases of 
analysis. The maximum tensile strain was no more than 2% after seismic loading in any 
case. The tensile strain in cover system was also small in all cases.  For the 3H:1V slope, 
the maximum tensile strain in the cover system was 3.2%, and the maximum tensile strain 
was 1.9% for 4H:1V slope.  There was also a tensile strain of 4.3% induced in the cover 
system geomembrane on top deck by seismic loading.  
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The results of seismic analyses shows similar regularity with the results of both the 
static analyses, which indicates that the axial strains and forces in both the liner and cover 
systems are sensitive to the slope inclination and the values of the upper and lower 
geomembrane interface shear strength (friction angle). The tension in geomembrane is least 
when the upper interface friction angle was lower than the lower interface friction angel. 
An important finding from the results is that tension is greatest in a geomembrane 
at the top of a slope segment or on the benches.  This suggests that horizontal geomembrane 
seams, i.e. seams parallel to the slope contour wherein strain concentrations significantly 
reduce the allowable tensile strain, should be avoided if at all possible in these areas.  Most 
geosynthetic specifications do not allow continuous seams parallel to the slope contour on 
landfill side slopes. However, seams parallel to the slope contour will occur at locations 
where samples of the seam are recovered for destructive testing in the laboratory. 
Therefore, it would seem prudent that construction quality assurance guidelines prohibit 
recovery of samples for destructive laboratory testing from benches and within 2 m (6 ft) 
of the top of the slope, i.e. in the areas where the largest tensile strains are likely to develop. 
5.8 Summary and Conclusion 
Parametric studies of a geomembrane subject to waste settlement and seismic 
loading with a performance-based numerical model was conducted to demonstrate the 
importance of interface shear strength on load-displacement behavior and the induced 
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tensile strains and forces in side slope liner systems. A numerical validated model of a 
typical canyon landfill with different side slope inclinations was developed using the two-
dimensional explicit finite difference program FLAC 7.0.  Beam elements with a parabolic 
stress-strain relationship, zero moment of inertia, and interface elements with frictional 
shear resistance on both sides were used to model the geomembranes.  The seismic motion 
induced additional strains in both liner and cover system geomembranes Pacoima Dam 
Downstream input motion of the Northridge earthquake. The Pacoima Dam Downstream 
input motion rotated to a 60 degree azimuth, with a 0.49 g PGA, was employed in the 
analysis reported herein. To transform this bedrock outcrop strong motion record into a 
subsurface ground motion that can be applied at the base of the 2-D FLAC 7.0 model used 
in this analysis a deconvolution procedure using the computer program SHAKE was 
employed. The shear modulus reduction and damping curves used in FLAC analysis were 
developed based upon curves for MSW recommended by Matasovic and Kavazanjian 
(1998) developed from back analysis of the seismic response of the Operating Industries, 
Inc. landfill in southern California. The results also demonstrate the strains and forces 
induced in geosynthetic liner system elements depend on the slope inclination and the 
values of the upper and lower geomembrane interface shear strength. 
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6 SUMMARY AND CONCLUSIONS 
6.1 Summary 
The objective of this dissrtation is to validate a numerical model for performance 
based design of geomembrane liner systems subject to waste settlement and seismic 
loading by using a large scale centrifuge test and a two-dimensional explicit finite 
difference program FLAC 7.0. To develop guidance for identifying when settlement or 
seismic loading presents a threat to the integrity of geomembrane barrier layers for both 
side slope and cover systems in landfills, parametric studies with the validated model of a 
typical canyon landfill with different side slope inclinations and interface strength 
combinations were conducted. This dissertation first reviews the methodology used to 
develop the numerical model for performance-based design of geosynthetic liner systems 
by Arab (2011). Next, previous research on the effect of waste settlement on the integrity 
of geomembrane barrier system is reviewed. Next, the parameters required to predict the 
tensile strains in the large scale centrifuge test of a geomembrane-lined landfill are 
evaluated. This dissertation presents the validation of the Arab (2011) numerical model for 
geomembranes subject to extreme loads, a parametric study of geomembrane barrier 
systems subject to waste settlement and seismic loading is conducted. 
A performance based numerical model for static and seismic analysis and design 
of the geosynthetic elements of waste containment systems developed by Arab (2011) to 
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explicitly calculate of axial strains and forces in the geosynthetic elements of the liner 
system was developed in this work. The model employs beam elements with zero moment 
of inertia and with interface elements on both sides of the beam to represent the 
geosynthetic elements of the containment system.  The stress-strain behavior of HDPE 
geomembranes is modeled using the parabolic non-linear elastic stress-strain relationship 
developed by Giroud (2005). Interface shear stress-shear displacement relationships 
available for use with the model include a simple linear elastic-perfectly plastic relationship 
and a displacement softening relationship in which the mobilized shear resistance degrades 
from a peak strength to a large displacement strength as a function of the cumulative plastic 
shear deformation. The model also includes a kinematic hardening, isotropic softening 
multiple yield surface model for the internal shear deformation of geosynthetic materials, 
e.g., hydrated GCLs. 
To study impacts of waste settlement on the integrity of geosynthetic elements of 
municipal solid waste (MSW) landfill liner and cover systems, a numerical model of a 
typical canyon landfill with different side slope inclinations was developed using the two-
dimensional explicit finite difference program FLAC 7.0.  Beam elements with a parabolic 
stress-strain relationship, zero moment of inertia, and interface elements with frictional 
shear resistance on both sides were used to model the geomembranes. The impact of 
downdrag was modeled by first placing the waste in lifts and letting each lift consolidate 
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under the weight of the subsequent lifts and then, upon reaching the final height of the 
landfill, reducing the waste compressibility such that the total settlement at the center of 
the landfill was equal to 14.5% of the waste thickness. Strong ground motion was then 
imposed on the waste mass to study the influence of seismic loading on geomembrane 
liners. The dynamic properties of the waste in the seismic analysis were based upon the 
properties of the OII landfill in southern California reported by Matasovic and Kavazanjian 
(1998) as interpreted by Arab (2011). A hysteretic linear elastic-perfectly plastic load-
displacement model was used to model interface shear behavior. Once again, the influence 
of side slope inclination on strains in the geomembrane was evaluated. The model was 
validated using a large scale centrifuge test of a model geomembrane-lined landfill subject 
to seismic loading. The centrifuge test was conducted at the University of California at 
Davis Centrifuge Test facility as part of National Science Foundation Network for 
Earthquake the Engineering Simulation Research (NEESR) program.  Data collected in the 
large scale centrifuge test included waste settlement, liner strains, and earthquake 
accelerations throughout the model.  This data on landfill and liner seismic performance 
has been supplemented with additional laboratory and small scale centrifuge tests to 
determine the parameters required for the numerical model, including strength and stiffness 
of the model materials, interface shear strengths, and interface stiffness. The equivalent 
linear dynamic properties of the waste used in FLAC analysis of a one-dimensional waste 
  120 
column were calibrated based a comparison of the FLAC results with results from SHAKE, 
an industry standard program. The numerical model was validated by comparing dynamic 
response at top of waste and the tensile strains in the liner from the centrifuge test to the 
results from the numerical modeling. 
Parametric studies of a geomembrane subject to waste settlement and seismic 
loading with the validated model were conducted. The same geometry used in early studies 
of the impact of waste settlement on geomembrane liners. These analyses highlighted the 
importance of slope angle and interface shear strength on load-displacement behavior and 
the induced tensile strains and forces in side slope liner systems. A seismic motion was 
applied after post-closure settlement of waste. The Pacoima Dam Downstream input 
motion rotated to a 60 degree azimuth, with a 0.49 g bedrock PGA was employed in the 
analysis reported herein. To transform this bedrock outcrop strong motion record into a 
subsurface ground motion that can be applied at the base of the 2-D FLAC 7.0 model used 
in this analysis a deconvolution procedure using the computer program SHAKE was 
employed. The shear modulus reduction and damping curves used in the FLAC analysis 
were developed based upon curves for MSW recommended by Matasovic and Kavazanjian 
(1998) from back analysis of the seismic response of the Operating Industries, Inc. landfill 
in southern California.  
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6.2 Conclusions 
For the numerical model validation, the results of the FLAC numerical analysis 
were compared with the data from the large centrifuge test. Using MCC parameters from 
one-dimensional compression tests, the numerical analysis yielded the same amount of 
settlement as the experimental results, 69 mm at the centerline of the model upon spin up 
to 60 g. The settlement of the waste resulted in measured maximum tensile strains of 4.57 
% on the 2H:1V slope and 4.70% on the 1H:1V slope in the liner near the crest of the 
bench.  These values agreed well with the tensile strains of 4.25% and 4.82% predicted by 
the numerical analysis at these locations. The centrifuge model was loaded with a ground 
motion designed to simulate a ground motion from the 1995 Kobe earthquake with a peak 
ground acceleration of 0.6 g.  This ground motion induced an additional 3-4% to the 
measured tensile strains in the geomembrane elements at benches, consistent with the 
results of the numerical model. These values also show good agreement with the numerical 
analysis results. Furthermore, ground motions predicted at the top of the waste mass by the 
numerical model were in good agreement with the measured response of the centrifuge 
model. 
In the parametric study, the results of both the static and seismic analyses indicate 
that the axial strains and forces in both the liner and cover systems are sensitive to the slope 
inclination and the values of the upper and lower geomembrane interface shear strength 
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(friction angle). The tension in geomembrane is minimal when the upper interface friction 
angle was lower than the lower interface friction angel. However, when the upper interface 
strength exceeds the lower interface strength, liner strain could be of engineering 
significance following post-closure settlement and seismic loading.  
For steep sides landfills, for seismic loading alone to induce significant tensile 
strains (i.e., tensile strains > ≈ 3%) you need pretty strong shaking, e.g., 0.6 g (assuming 
the waste mass remains stable, e.g., the waste mass is roughly symmetric) but at moderate 
levels of shaking (e.g., 0.4 g) seismic strain superimposed on settlement strains may be a 
problem.  For flatter side slopes, assuming the waste mass is stable, neither settlement nor 
seismic loading should be a problem.  
An important finding from this study is that tension is greatest in a geomembrane 
at the top of a slope segment or on the benches.  This suggests that horizontal geomembrane 
seams, i.e. seams parallel to the slope contour wherein strain concentrations significantly 
reduce the allowable tensile strain, should be avoided if at all possible in these areas.  Most 
geosynthetic specifications do not allow continuous seams parallel to the slope contour on 
landfill side slopes.  However, seams parallel to the slope contour are used on benches and 
also will always occur at locations where samples of the seam are recovered for destructive 
testing in the laboratory. Therefore, it would seem prudent that construction quality 
assurance guidelines prohibit recovery of samples for destructive laboratory testing from 
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benches (i.e. in the areas where the largest tensile strains are likely to develop). 
Furthermore, if necessary, horizontal seams should be placed at the very back of the bench, 
where strains are likely to be compressive. 
There are some limitations in using the numerical analysis presented herein: 
Importantly, for a waste mass with a low static FS and for a landfill with a pseudo-static 
FS less than 1, the results in this dissertation do not apply (only checked roughly at 
symmetric waste masses with a high static FS). 
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